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ABSTRACT

The utilization of fossil fuels at an alarming rate has brought adverse effects on the
environment and have accelerated the need for the development of alternative renewable
energy resources. This dissertation primarily focuses on the small signal stability analysis
of a power system integrated with solar photovoltaics (PV). The test systems utilized in
this study are a small and large scaled power system which is the IEEE 9-bus and 39-bus
power system respectively. The small signal stability of the test systems is broken down
and examined in terms of eigenvalue analysis, damped frequency, damping ratio and
participation factor. Different states are analyzed in this study which consist of the effects
of incremental solar PV penetration into the systems, load variation and reactive load
variation. For incremental solar PV penetration, the results observed indicate that there
are no significant adverse impacts of solar PV penetration on the small signal stability of
both the small and large scaled power systems. When the overall load and reactive loads
are increased, no significant impact is observed on small signal stability and the power
systems still remained in a stable state. The software used in this study is DigSILENT

Powerfactory.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

This research focuses on small signal stability analysis of grid connected with solar
photovoltaic. The research involves the investigation that consist of eigenvalue analysis,
damped frequency, damping ratio and participation factor for increased photovoltaic
penetration and load variation into the grid. The obtained results would indicate the effects

and impact of photovoltaic penetration on the small signal stability of the power system.

1.2 Problem Statement

In later times, the utilization and exhaustion of the world’s fossil fuels have been growing
at a disturbing exponential rate. 3.7 million tons of carbon dioxide and various greenhouse
gases is released into the world’s atmosphere annually by the average 500 MW coal plant
[1]. One of the main disadvantages of fossil fuels power plants are the emission of carbon
dioxide gases. A report estimated that global carbon dioxide emissions from fossil fuel
use were 32.2 billion tons in 2013, reaching a record high which is 56.1% above the
emission level in 1990 and 2.3% above 2012. In other words, at current rates, remaining

resources would be used up in the next 30 years [2].

Fossil fuel power plants utilizes coal that is a sedimentary rock consisting mainly of
organic, inorganic minerals and elements deposited during its formation. Coal contains
low levels of thorium, uranium and other radioactive isotopes which causes radioactive
contamination in the environment. A typical active 1000 MW coal power plant could
release of up to 12.8 tons of thorium and 5.2 tons of uranium annually [3]. These emissions
are harmful and could potentially cause unwanted side effects on humans and also cause
contamination on environment. This also raises an awareness and concern on global

warming, greenhouse effects and energy shortage in the near future.



The growth of non-renewable energy resources would also lead to the possibility of a
resource scarcity which in return would increase the costs involved. Furthermore,
conventional power plants are becoming costlier because of societal demand of reducing
pollution and increasing safety. When relying on conventional power generation methods,
successful economic development would raise prices and make further economic
development more difficult to be achieved. However, this cost driving factor is not faced
for renewable electricity. The development and utilization of renewable energy would in
return pave the way for further economic development. Even though initial investments
for renewable energy resources may be higher, with technology advancement in the long
run it will outcompete non-renewable resources [4]. Therefore, this accelerates the need

to seek for alternative energy resources to guarantee a sustainable future.

In Malaysia, gas and coal remained the most used fossil fuels for power generation at
49.4% and 42.6% respectively, followed by hydroelectric at 4.8% and oil/distillate at
2.5%. With estimated annual consumption of 21 million tons in 2013, coal is poised to be
the main fuel for power generation as additional 5000 MW of coal-fired capacity will be
commissioned from 2015 to 2019 [5]. Nevertheless, over the years, numerous policies
have been drafted and implemented by the government in order to develop the renewable
energy sector in the country [6]. This would increase the amount of renewable energy

being fed into the power system grid.

The conventional power systems now mainly consist of synchronous generators that are
highly nonlinear. When connected to renewable resources, this may result in a change of
dynamics and operational characteristics which may affect its small signal stability
performance. Thus, the need arises to study the interaction when the conventional power
system is integrated with renewable energy resources. Since the development of
renewable energy in Malaysia is headed towards solar PV systems, an in-depth study on
the interaction of solar PV penetration into a power system in terms of small signal
stability is to be done. Furthermore, the load demand and reactive load vary as the demand
for electricity changes throughout the day. Power systems must match generation and load



in real time, which may also impact the small signal stability of the system. This study
would also evaluate the small signal stability performance at various load demands and

reactive loads in the power system which is integrated with solar PV generation.

1.3 Research Objective

This research embarks on the following objectives:
1) To investigate the impact of increased solar PV penetration on the grid towards
small signal stability
2) To investigate the effect of increasing the overall base load by 5%, 10% and 15%
at different levels of solar PV penetration in the grid towards small signal stability
3) To study the effect of increasing the overall reactive base load by 5%, 10% and
15% at different levels of solar PV penetration in the grid towards small signal

stability

1.4 Research Scope

The performance of the power system with penetration of solar PV will be evaluated and
assessed using small signal stability analysis. The power system used in this study will be
the typical IEEE 9-bus and 39-bus system which consists of synchronous generators. The
impact of solar PV penetration in the power system in terms of small signal stability will
be studied from the eigenvalue of all states computed using modal analysis. In addition,
the damping ratio, damped frequency and participation factor would also be investigated.
DIgSILENT Powerfactory simulation software is utilized in this research for modal

analysis.



1.5 Summary of Chapter

The alarming rates of fossil fuels being consumed for the generation of electricity in the
world today has raised a concern towards an increase in greenhouse gases leading to global
warming. This has raised awareness on the importance of the development of alternative
energy resources, particularly renewable energy. However, with the advancement of
renewable energy, this also raised a concern on its small signal stability when integrated
into the existing power system grids. Given Malaysia’s high irradiance levels, it is suitable
for generation of solar PV systems. This research focuses on three main objectives. Firstly,
this research investigates the impact of increased solar PV penetration on the grid towards
small signal stability. Next, the effect of increasing the overall base load by 5%, 10% and
15% at difference levels of solar PV penetration in the grid towards small signal stability
is investigated. Lastly, the effect of increasing the overall reactive base load by 5%, 10%
and 15% at difference levels of solar PV penetration in the grid towards small signal
stability is examined. The research scope involves the small signal stability analysis of
two power systems; IEEE 9-bus and IEEE 39-bus power systems.



CHAPTER 2

LITERATURE REVIEW

2.1 Evolution of renewable energy

Traditional farming labor and manual manufacturing were replaced by machinery in the
first industrial revolution which took place in Great Britain. The very first industry to be
dominated by machines was the textile industry. Towards the end of the 18th century, the
first industrial revolutions were energized via steam engine, coal and steam. Moving
forward, in the mid-19th century, expeditious growth of steamships and steam railways
emerged from the heavy steel-making industry in Great Britain, the United States and
Germany. Besides that, early electrical technologies such as the telegraph emerged in the
19th century. In 1870, the second industrial revolution was driven by the rise of electric
power and technology contributed by none other than Thomas Edison, Antonio Meucci,
Alexander Bell, Galileo Ferraris, George Westinghouse, Nikola Tesla and Guglielmo
Marconi. At the start of the new century, electro-powered factories started to outperformed
coal-powered factories due to the vast availability, versatility and efficiency of electrical
machinery mainly hydropower in locations such as the Great Lakes (United States) and
Alps (Europe). During the first half of the 20th century, thermal power stations fed by coal
or oil multiplied rapidly. Towards the mid-20th century, there was growth in the solid-
state electronics, information technology and automation sector. This helped boost the
information processing and transmission sectors. Throughout these industrial phases,
fossil fuels have been consumed at alarming exponential rates and have increased the
greenhouse effects. Today, the world is developing means to use renewable energy

sources to support industrialization in a sustainable manner [7].

Countries such as Spain, Denmark, Germany and the United States have created critical
markets for renewable energy, that drove the early technological advances and economies
of scale, setting the stage and aiding to fueled the past decade of explosive market
expansion. There is a steady increase in contribution of renewable energy to the global



heat, power and transport sectors, most notable in developing and emerging economies,
whereby its markets and technology developments have excelled quickly. In this modern
era, renewable energy technologies are tools for proving energy security, mitigating and
adapting to climate change, reducing dependency on imported fuels, improving local air
quality and safety, advancing energy access and security, propelling economic
development and creating more jobs. Over the past decade, China has taken the lead in
renewables manufacturing and installed capacity, having increased investment in this
sector almost every year in the past 10 years. Energy demand and growing interests in
renewable energy in developing and emerging countries across Latin America, Africa,
Middle East and Asia are expanding. Furthermore, foreign direct investments in
renewable energy and the mobilization of private capital in emerging economies have
contributed to growth across technologies and regions [8]. The excellent growth in
renewable energy markets has led to an increase in manufacturers and an overall increase
in the number of jobs installing and servicing renewable energy technologies. With the
increased growth rate of renewable energy sources, it also brought along issues related to

its integration into existing grids.

2.2 Issues Faced by Integration of Renewable Energy Sources into Existing Grids

The integration of renewable energy sources into existing power grids bring about
technical challenges. It is commonly known that the renewable energy implementation
within the electrical power system is a new challenge, such implementations have
constraints and can cause some perturbation. The intermittent nature of renewable energy
generation has raised concerns on its power system stability and hence been deduced that
renewable energy is a potential source of power quality disturbances of the future power
grid [9] - [10]. There are various constrains on integrating renewable energy sources to
the power grid such as harmonics, frequency, voltage fluctuations, voltage imbalances,
voltage sags/swells, flickers and degradation of minimum current [11] - [12]. Furthermore,
power system stability is also another issue faced by the integration of large scale

renewable energy sources into the existing grids.



Based on a research done in [13], the small signal stability performance is impacted when
DFIG-based wind turbine generators are integrated into the power system grid. In
addition, another study done in [14] confirms that small signal stability issues arose when
wind renewable energy is integrated to the grid. Results showed dynamically unstable
characteristics and transformed local and inter-area mode shapes. Another study was done
on the impact of DFIG-based wind and solar PV generation on the power system grid. It
was observed that the stability of the system was enhanced [15]. Apart from that, in [16],
when a 2 MW wind farm with DGIF wind turbines is integrated into a small grid, results
show that the small signal stability is improved under certain conditions. Furthermore,
[17] found that integration of wind energy improved stability by reducing the settling and
overshoot time under the action of power system stabilizers. Besides that, integration of
renewable energy at the distribution level was investigated in [18]. It was observed that
solar PV generations enhances small signal stability performance and the dynamics of
wind energy induced more system oscillations. In [19], when renewable energy
penetration increased, there was an increase in frequency of modes, however the damping
ratio remained relatively constant. There were also no negative effects when renewable
generation increased. Moreover, another study done in [20] discovered that damping ratio
of inter-area modes improved when wind farms were equipped with Power System
Stabilizer (PSS). Based on [21], damping performance and small signal stability at a
microgrid level is seen to have improved when during the integration of wind and solar

PV energy conversion systems.

Therefore, this shows the importance of assessing and analyzing the impact and
performance of the integration of renewable energy into the grid. Though Malaysia’s
geographic location may not be suited for harvesting wind energy, it does have great
potential for solar renewable energy. Malaysia lies in the equatorial region making it a hot
and relatively humid country with stable climate throughout the whole year. A study done
in [22], states that on average, Malaysia’s solar irradiations falls between 4.21 kwWh/m2 to
5.56 kWh/m2 which encourages the development of solar PV systems. Therefore, solar

PV systems does indeed have good potential to be developed in Malaysia.



2.3 Power System Stability

Power system stability can be classified into rotor angle stability, frequency stability and
voltage stability. Figure 2.1 shows the various classifications of power system stability.
Rotor angle stability is the system’s ability to maintain the equilibrium between
electromagnetic torque and mechanical torque of each generator in the system. Rotor
angle instability occur due to angular swings of certain generators which leads to their loss
of synchronism among other generators. Voltage stability refers to the ability of a power
system to maintain its steady voltage at all buses in the system from a given initial
operating condition, after subjecting to a disturbance [23] - [24].

Power System Stability |

| |

Rotor Angle Frequency v -
o oltage Stabilit
{ Stability W Stability 5 Y
Small disturbance ) ) ‘
angle stability { Small disturbance
voltage stability
Transient Large disturbance
Stability voltage Stability

Figure 2.1. Classification of Power System Stability [13].



More solar PV systems are being built into existing power systems, the conventional
generation systems could be replaced due to higher operating costs, lower efficiencies,
aging and other factors. Thus, with these changes in the power grid, actions have to be

taken in order to sustain the requirements of the future power systems.

The increase in solar PV generation would reduce system inertia that may affect the
response of the power systems. Most conventional generators in the grid consists of
synchronous generators. The increase in solar PV generation would indicate a
displacement of synchronous generation which in turn causes a reduced rotating mass in
the power system. Therefore, this reduces the overall system inertia [25]. The essentials
of a reliable system operation include the system’s ability to respond and adapt to the
operating conditions in a timely manner when faced with different disturbances. With the
increase in PV resources in the grid, the effects of these systems are not adequately
studied. Literature states that voltage profiles at the distribution level may be affected
depending on the amount of solar PV penetration and loading conditions [26] - [27]. These
studies have determined various issues associated with solar PV system in direct relation
affecting distribution systems. Researchers suggested that the present equipment used for
voltage regulation is not suitable for mitigating the detrimental impacts of solar PV system

transients.

Studies performed in [28] - [29], transient behaviour towards transmission system in
response to solar PV penetration has been investigated. The results showed that various
amounts of PV penetration can have detrimental and beneficial effects on transient
voltages. Nevertheless, the studies are not conducted on actual representations of larger

interconnected power systems.

Various case studies to analyse transmission system performance was conducted on an
IEEE 39-bus system done by [29]. The analysis was done to investigate the transient
stability and steady state. In this study, it was observed that with reduced system inertia,

this indicated that small signal stability performance of the system could be affected.



2.4  Studies done on Small Signal Stability Performance in grid integrated solar
PV

This section discusses in more detail the previous researches on the small signal stability

with solar PV penetration in the grid.

In [30], analyzed the impact of increased solar PV generation on the inter-area oscillations
in the Western North American power system was investigated. The software analysis
tools used in this study were General Electric's Positive Sequence Load Flow (PSLF),
MATLAB and Small Signal Analysis Tool (SSAT) from Powertech Labs. In the first
approach. the modes of oscillation were excited by simulation and then ringdown analysis
using Prony's method was performed. PSLF was used to simulate dynamic brake
insertions, whereas MATLAB to extract the modal content from the measured ringdowns.
The second approach used SSAT to perform analytical linearization techniques to
investigate the effects of small signal stability in increased penetration of solar renewable
energy. Two different base cases were investigated on from the Western Electric
Coordinating Council (WECC). It was observed that under low load conditions, there was
an increase in observability and decrease in damping ratio in the mode of oscillation which
may have been a potential concern. Furthermore, the mode of frequency is found to
increase as penetration of solar PV increases, while the system's damping remains

relatively unaffected [30].

A model of a single-machine infinite-bus power system that is integrated with solar PV
generation is established in [31]. The damping torque analysis is conducted to examine
the effects of solar PV on the damping of power system local mode oscillations. Solar PV
does not add any additional oscillation mode to the power system due to it lacking
rotational components. However, it affects the small signal stability due to its interaction
with synchronous generators. The small signal stability performance of the power system
varies and is dependent on the system operating conditions. This is because to the damping
torque contribution from the solar PV could be either positive or negative. A critical
condition is formed when the solar PV generation changes from being positive to negative

and vice versa [31].

10



Modal analysis is used to determine the oscillation frequency, damping ratio and mode
shape. In [32], results are further analyzed using the non-linear time-domain simulation.
An equivalent single-machine model for a solar PV power plant is used in the study. The
method used in this study is that the power output of a generator is partially or fully
displaced with solar PV generator. DSA Tools by Powertech Labs Inc. is used in this
modal analysis. Simulation results show that the penetration of solar PV can be both

beneficial or detrimental to the power system [32].

Investigation of the impact of small signal stability at different penetration levels of solar
PV generation in a two-area system was conducted by [33]. The synchronous generators
were displaced with solar PV generation in order to keep the total generation constant for
all cases. The penetration levels used in the study were 25%, 45%, 65% and 85%. The
power system being studied on is equipped with Flexible AC Transmission System
(FACTS) devices namely Static Var Compensator (SVC) and Thyristor Controlled Series
Capacitor (TSCS). Three cases were considered in the study. Firstly, the analysis of PV
penetration is done on the power system without incorporating FACTS. The second case
incorporates the use of Static Var Compensator (SVC) and finally the third case uses
Thyristor Controlled Series Capacitor (TSCS) into the power system. Impact of solar PV
penetration is found to benefit the two-area system to a certain point. At 85% penetration
however, it is found that the system's damping ratio deteriorates. Nevertheless, the
incorporation of SVC and TCSC is shown to have improved the damping greatly [33].

According to [15], the impact of small signal stability on the integration of solar PV and
wind power generation was done. The conventional synchronous generators were
substituted with solar PV generation and doubly fed induction generator (DFIG). The
impact of different levels of solar and wind power penetration to the power system is also
examined. Eigenvalue analysis was used to calculate the damping ratio and frequency of
oscillatory components for minor disturbances. A spectral analysis known as discrete
wavelet transform is used to identify oscillatory modes. Hidden frequency information

within the signal are extracted using power spectral density and time frequency curves.
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MATLAB PSAT is used as the software analysis tool. It is found that renewable energy
integrated into the power system causes the system to be more dynamic. This is due to the
intermittent nature of renewable energy resources. This study shows an improvement in
the damping when solar PV penetration is increased. Wind energy enhances damping up
at a penetration level of 50%. A penetration of 50% level alone would negatively affect
the power system damping [15].

The effect of solar PV penetration on the small signal stability of the power system was
also studied in [34]. The software used in this study is Power System Analysis Toolbox
(PSAT) of MATLAB. The synchronous generator is displaced with various penetration
levels of solar PV. Small signal stability of the power system is investigated in terms of
eigenvalue analysis and critical modes. Transient analysis is also done to verify the results
obtained in small signal stability analysis. This research consists of four cases. Firstly, the
base case is analyzed first to uncover the existing system’s critical modes. Next, various
levels of solar PV penetration are investigated using eigenvalue analysis. The results are
then compared to the base case and then analyzed. Lastly, transient analysis is used to
validate the small signal stability analysis. In this study, it is observed that when the
conventional generator is displaced by solar PV system, the eigenvalues are observed to
move more to the left-hand side of the complex plane. Thus, this indicates the system is

becoming more stable due to the reduction of inertia [34].

According to [18], an investigation of renewable energy based of distribution system.
Renewable energy used in the study are wind and solar PV. In the future, there will be a
widespread of renewable energy resource being integrated into the distribution systems.
The method used in this research was firstly to examine the base case. Then, solar PV
generation is set to a constant of 1 MW and wind generation was increased to 6 MW which
is equivalent to a 20% increment. Lastly, wind generation was set to a constant 2 MW and
solar PV generation increased to 6 MW which is equivalent to a 20% increment. The three
cases were evaluated using eigenvalue analysis and participation factor. Results show an
increase in solar PV penetration, it causes a decreases in the eigensensitivity, thus causing

an improvement of the small signal system performance. It is observed that wind energy
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and solar PV penetration positively impact the oscillation damping of the synchronous
generator [18].

In another research, penetration of solar PV and wind energy conversion system from
microgrid into actual grid was studied. In this research, 50% solar PV and 50% WECS
from microgrid and the microgrid is gradually increased from 10 MW to 80 MW
penetration. It was observed that with a higher penetration from the microgrid, the
damping performance was enhanced and the power system becomes more stable. The
eigenvalue real parts are more negative and there is a higher damping ratio which
corresponds to the penetration increase [21].

Apart from solar PV penetration, there are also studies done on the influence of load
modeling on small signal stability investigations. In [35], various load classes such as
residential, commercial and industrial were simulated and the small signal stability was
analyzed. The results had shown that a residential load class would lead to the lowest
damping and eigenfrequency, whereas the industrial load class revealed the highest
damping and eigenfrequency. Furthermore, a study done by [36] revealed that load
changes and capacity changes in a large-scale power system can affect the oscillation

mode. It is observed that as load increases, the oscillation stability is improved.

Various studies have been conducted in the efforts of investigating the impact of small
signal stability analysis for grid connected solar PV penetration. Research shows that the
power system can behave differently on a case-by-case basis. Currently, there is no
research on the impact of small signal stability at various load and reactive load levels on
a grid connected with solar PV. Thus, this brings the need to investigate further on small
signal stability performance in this aspect. Proposed approaches would be discussed in the
following methodology section.

13



2.5 Summary of Chapter

The world is looking towards renewable energy resources to support the on-going
industrialization. There are several issues faced by the integration of renewable energy
resources into the existing grids. Some studies have shown that there is a negative impact
when renewable energy is integrated into the grid. Whereas, other studies observed that
the integration of renewable energy enhanced the stability of the power system. Thus, the

need to investigate the small signal stability impact of solar PV on the grid arises.
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CHAPTER 3
METHODOLOGY

3.1 Introduction

In this section, the methodology used to achieve research objectives would be presented.
Simulation methods that are used such as Newton-Raphson load flow analysis and small
signal stability analysis will be elaborated in the sections below. The test systems that are
utilized in this research is the IEEE 9-bus and 39-bus systems. Their characteristics and
properties will also be reviewed. Furthermore, the research proposed approach and design

that consist of four cases would also be discussed here.
3.2 Simulation Methods

There are various simulation methods used in this research. For the load flow analysis,
Newton Raphson method is utilized. Besides that, small signal stability analysis is used to
determine the stability of the power system . These analysis methods are detailed in the

following sections below.
3.2.1 Load Flow Analysis

The complex power injected to the i bus of a system is shown below [37]:

Si =P, +jQ, =VJ;; i=12,...n (Equation 3.1)

where V; is the bus voltage with respect to the ground and J;is the bus current. From the

complex conjugate in Equation 3.1, equation below is obtained:

Pi—jQi=Vi);; i=12..n (Equation 3.2)

J; is then substituted in to Equation 3.2 using:

Ji = Yk=1YuVi; i=12,...n (Equation 3.3)
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Equation 3.4 is then derived as below:

Pi—jQi =V YR YuVe; i=12,...n (Equation 3.4)

The real and imaginary parts are then separated as below:

Py = (Vi Y=t YaVi) (Equation 3.5)
Qi = —Im{V; Xk_1 YV} (Equation 3.6)

By breaking down the complex equations into their respective real and imaginary parts,

the static load flow equations can be obtained as below:

P; = V| X< IViel|Yik| cos(Oy + 8 — 6;); i = 1,2,....n (Equation 3.7)
Qi = _|Vl| 22=1|Vk”Ylk| Sin(eik + 6k - 61); i=12,...n (Equation 38)

The state and control variables must be within the specified limits as below [37]:

i) Voltage magnitude limits:

|Vi|min =< |Vi| < |Vi|max (Equation 3.9)

The voltage magnitude should be within 0.95 to 1.05 per unit.

i) Power angle limits:

|6i - 6k|min = |6i - 6k| = |6i - 6k|max (Equation 3-10)

The power angle determines stability of power and should be within the limits

specified in Equation 3.10.
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i) Real and reactive power limits

PGi,min < PGi < PGi,max (Equation 3.11)

QGi,min < QGi < QGi,max (Equation 3-12)
The generation of power is equal to the load demand including losses:

YiPei=XIPpi+ P, (Equation 3.13)
3.2.2 Newton-Raphson Method
In order to solve the power load problem, the Newton-Raphson Method is implemented.
This method is based upon the Taylor series expansion which uses an iterative method
that approximates non-linear simultaneous equations into a set of linear equations up to
the first order approximation. Equations below discusses the application of Newton-

Raphson method [37].

A set of n non-linear algebraic equations is given as below:

fi(xq, %2, ooy xp) (Equation 3.14)
Initial estimate is assumed by:

x@,x 2 (Equation 3.15)
Corrections to the terms are as:

Axqy, Axy ..., Axy (Equation 3.16)
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The corrections are added to the initial estimate to obtain Equation 3.17 as below:
fi( xio) + Axg, xéo) + Axy, ...,x,(lo) + Axn) =0 (Equation 3.17)
Taylor series expansion is used to expand Equation 3.18 as below:

daf
. + - Ax, o

0 0 0 df afi
fi(xi ),xg ), ...,x,(l )) + [Axl d_xl|0 + Ax, —

] + higher order terms = 0
de

0
(Equation 3.18)

The higher order terms are ignored as there are generally no major loss.

The equations are rewritten as Equation 3.19 below:

af afy afy
0 0 0 —_ —_ et
[v1 —fl(xf ) xl®, xS ))]l |axil, axly  ax 0]| Ax
© @ O)[_le] | |} :
i)’z —fz(x1 y Xy s s Xy )Jl =|auly @oly ol 2}9;2 (Equation 3.19)
_ 0) _(0) (0) dfa|  dfa|  dfa n
y3 f3(x1 sz 1-.-;xn ) dxl 0 dxz 0 dxn OJ
The equation can be simplified as Equation 3.20:
[M] = [J1[R] (Equation 3.20)

Where J is the Jacobian Matrix, M is the Mismatch Matrix and R is the matrix of the
corrections Ax;. The equation can be written as an iterative in Equation 3.21 and Equation
3.22 below:

M® = JOR® (Equation 3.21)

R® = [JO] Py (Equation 3.22)
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Thus, x; can be given by Equation 3.23:

x; D = 5, 4 Ay, (Equation 3.23)

This process is repeated until there is a small tolerance difference between two successive
values of x;. Nevertheless, the Newton-Raphson method is more accurate using polar
coordinates. The real and reactive powers are represented as Equation 3.24 and Equation
3.25:

P; = Yk=alVillVielIYie| cos(Oix + 6k — 61) ; (Equation 3.24)
Qi = — Zi=1VillVie[IYire| sin(Osc + 6 — 61); (Equation 3.25)

All buses are assumed PQ and using estimated values, the difference between the buses

are calculated as Equation 3.26 and Equation 3.27:

AP; = Pispec — Picar (Equation 3.26)
AQ; = Qi,spec — Qical (Equation 3.27)

The Jacobian in this set of equations consists of partial derivations of P and Q with respect
to each of the variables in the static load flow equations. The matrix consists of corrections
to be added to the original estimates of voltage magnitude and angle to obtain new
calculations for computing the mismatches APP and AQ? .

The matrix representation is finally derived as Equation 3.28:

(g%) (g%) (6|V|2) (a|V|n)- Ad; T
[APZ] R : : :
: P opP opP apP
AP, (aT;l) ’ (ﬁ) (aw?z) (awﬁl) A5n .
T = (Equation 3.28)
[A?ZJ G2 ~ G| ~ Gua)|[alval
AQn ; : ; ; :
(5 -~ GG -~ Grs)llalvl
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Equation 3.29 can be simplified into the following:
AP JA ]2] [ Ab .
= Equation 3.29
laol =12 72]Laww, (Bd )
The Jacobian is then inverted as Equation 3.30 below:

AS® | _ APV o] _
A|V|(P)] B [AQ []3 ]4] (Equation 3.30)

The values AS® and A|V|® are added to the previous voltage magnitude and angles.
These new values are then inserted back into Equation 3.29 and Equation 3.30 to obtain
new values of real and reactive power. The iterations and processes are repeated until

convergence is achieved.

3.2.3 Small Signal Stability Analysis

Small signal stability is the power system’s ability to preserve synchronism after being
subjected to small variations in generation or load [38]. The stability of a power system
can be affected by its load characteristics, discrete and continuous controls. Small signal
stability analysis examines the system’s response to disturbances. System instability

normally occurs under the following conditions [38]:

) Constant increase in rotor angle due to insufficient synchronizing torque
i) Increasing amplitude of rotor oscillations due to insufficient damping torque
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Generally, the small signal stability oscillations can be classified into either local mode or

inter-area mode. Local modes are divided into three categories which are [38]:

i) Rotor angle oscillations of a single generator against the rest of the power
system with frequencies ranging from 1 Hz to 3 Hz

i) Oscillations between rotors of several generators close to one another with
frequencies ranging from 0.7 Hz to 2 Hz

iii) Inadequate tuning of control systems

Inter-area mode oscillations are caused by the interactions among two or more large
groups of generators that are swinging against each other in different locations. Inter-area

oscillations can be divided into two categories which are [38]:

) Low frequency mode that occurs when generators in two different areas are
swinging against each other. The frequency of oscillation range is from 0.1 Hz
to 0.3 Hz

i) High frequency mode involving subgroups of generators swinging The

frequency of oscillation range is from 0.4 Hz to 0.7 Hz

Table 3.1 shows the inter-area and local modes frequency range

Table 3.1. Inter-area and local modes frequency range [38].

Mode Type Frequency Range (Hz)

0.1 to 0.3 (Low frequency)
0.4 to 0.7 (High frequency)
Local 0.7t03

Inter-area
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A complex pole can be represented as Equation 3.28 below:

s=o0tjw (Equation 3.28)

where ¢ is the real part of the pole known as the exponential damping frequency and w

represents the imaginary part which is the damped frequency of oscillation.

The damped frequency of oscillation of any pole is represented by Equation 3.29:

f=— (Equation 3.29)

The damping ratio, ¢ is the amplitude of oscillation decay rate. The damping ratio is

represnted as Equation 3.30 or Equation 3.31 [38]:

f — Exponential decay freqrizncy — m (Equation 330)
Natural frequency (E) wWn
or
P .
&= W (Equation 3.31)

The damping ratio plays a significant role in small signal stability because it indicates how
well a power system is able to return to its stable state following small disturbances in

oscillations.
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3.3 Test System

The test systems used in this study are the IEEE 9-bus and IEEE 39-bus power systems.
Both bus systems are modified to take in to account the dynamic data for time-domain

simulations. Each generator in the IEEE bus system has a pre-defined set of dynamic

parameters for a sixth order full machine model [39].

The IEEE 9-bus modified system contains three synchronous machines with IEEE type-1
exciters. The system consists of 11 buses, six distribution lines, six transformers and three
constant impedance loads. The total load demand is 315 MW and 115 MVAr. Figure 3.1
shows the IEEE 9-bus system used. Table 3.2 —Table 3.4 shows the synchronous dynamic
data used for the IEEE 9-bus system. The 9-bus system is simulated using DIgSILENT

Powerfactory software.

®

Bus 1l g
[

s
®

Figure 3.1. Modified IEEE 9-bus system in DIgSILENT Powerfactory software
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Table 3.2. IEEE 9-Bus modified test system machine data.

Type GENROU GENROU GENROU
Operation Sync. Gen. Sync. Gen, Syne. Gen.
Default Unit no.
(New Unit no.) 1(12) 2(10) 30
Rated power (MVA) 512 270 125
Rated voltage (kV) 24 18 15.5
Rated pf 0.9 085 (.85
H (s) 26312 4.1296 4,768
n 2.000 2.000 2
1, (pou) 0.004 0.0016 0.004
xg (p.u) 1.700 1.700 1.220
Xq (p.u) 1.650 1.620 1.160
x'a (pu) 0.270 0.256 0.174
X' (pw) 0.470 0.245 0.250
x" 4 (p.u) 0.200 0.185 0.134
x”q (p.u) 0.200 0.185 0.134
X 07 Xy (p.u) 0.160 0.155 0.0078
T' 40 (5) 3.800 4.800 8.970
T'q.n (s) 0,480 0,500 0.500
T 1o (5) 0.010 0.010 0.033
T" g0 (5) 0.0007 0.0007 0.070
S(1.0) 0.090 0.125 0.1026
5(1.2) 0.400 0.450 0.432

Table 3.3. IEEE 9-Bus modified test system exciter data.

Tvpe IEEET1 IEEETI IEEETI
Default Unit no.
{Mew Unit no.) 1(12) 2(10) 331D
Rated power (MVA) 512 270 125
Rated voltage (kV) 24 18 15.5
T () 0.000 0,000 0.060
Ky (pu) 200 30 25
T, (s) 0.395 0.400 0.200
| —RTY 3.840 4.590 1.000
Vgmin (p-u) -3.840 -4.590 -1.000
K. ipu) 1.000 -0.020 -0.0601
T. (s) 0.000 0.560 0.6758
K¢ (p.u) 0.0635 0,050 0.108
Ty (s) 1.00H) 1.300 0.350
Ey (p.u) 2880 25875 24975
SE(E;) 0,000 0.7298 0.09449
E; (p.u) 3840 3450 3.330
SE(E;) 0,000 1.3496 0.37026

24



Table 3.4. IEEE 9-Bus modified test system governor data.

Type BPA GG BPA GG BPA GG
Default Unit no,

(New Unit no.) 112) 2(10) 3(11)
Rated power (MVA) 512 270 125
Rated voltage (kV) 24 15 15.5
Prnax (pou1) 0.8984 0.8518 1.056

R pu) 000976 001852 0.040

T, (s) 0.150 0.100 0.083

T (s) 0.050 0.000 0.000

T3 (s) 0.300 1.259 0200

Ty (s) 0.260 0.100 0.050

T. (s) 8.000 10.000 5.000

F 0.270 0.272 0280

The modified IEEE 39-bus system has 49 buses, 24 transformers, 10 generators, and 32
distribution lines. It consists of 19 impedance loads which has a total of 6097.1 MW and
1408.9 MVAr. All generators except generator 39 (aggregation of high numbers of
generators) are equipped with a turbine governor and type-1 exciters, which include the
continuous acting AVR and exciter. The 39-bus system is shown in Figure 3.2. The
synchronous dynamic data is shown in Table 3.5 to Table 3.7. DIgGSILENT Powerfactory

is utilized to simulate the power system.
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Figure 3.2. Modified IEEE 39-bus system in DIgSILENT Powerfactory software.

Table 3.5. IEEE 39-Bus modified test system machine data.

Type GENROU GENROU GENROU
Operation Syne. Gen. Sync. Gen. Sync. Gen.
Defult Unit . oy DD g
(WNew Unit no.) ! 37(47)’ 39(49)
Rated power (MVA) 590 835 911
Rated voltage (kV) 22 20 26
Rated pf 0.95 0.9 0.9
H{(s) 2.3186 2.6419 2.4862
D 2.00 2.00 2.00
1, (p.u) 0.0046 0.0019 0.0010
xq (p.u) 2.110 2.183 2.040
Xg (p-u) 2.020 2.157 1.960
x4 (p.u) 0.280 0.413 0.266
x'y (p.u) 0.490 1.285 0.262
x"; (p-u) 0.215 0.339 0.193
x", (p-u) 0.215 0.339 0.193
x; or X, (p.u) 0.155 0.246 0.154
T 40 (8) 4.200 5.690 6.000
T'q0 () 0.565 1.500 0.900
T" 40 (8) 0.032 0.041 0.004
T"40 (8) 0.062 0.144 0.004
5(1.0) 0.079 0.134 0.340
5(1.2) 0.349 0.617 1.120
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Table 3.6. IEEE 39-Bus modified test system governor data.

Type BPA GG BPA GG BPA GG
Default Unit no. 30(40) gi(i? ’ gi(j? ’ gg(:? 38(48)
(New Unit no.) (44), 3?{ 4.3’ (46)
Rated power (MVA) 590 835 911
Rated voltage (kV) 22 20 26
Prax (p-u) 0.9373 0.9177 0.9001
R (p.u) 0.0085 0.006 0.00548
T; (s) 0.080 0.180 0.100
T, (s) 0.000 0.030 0.000
T5 (s) 0.150 0.200 0.200
Ty (s) 0.050 0.000 0.100
Ts (s) 10.000 8.000 8.720
F 0.280 0.300 0.300
Table 3.7. IEEE 39-Bus modified test system exciter data.
Type IEEETI IEEET1 IEEET1
Defat Unit o, o) LUDREIE g
(New Unit no.) 37(47)
Rated power (MVA) 590 835 911
Rated voltage (kV) 22 20 26
T, (s) 0.000 0.000 0.000
K, (p.u) 200 400 50
T, (s) 0.3575 0.020 0.060
Vimax (P-0) 5.730 18.300 1.000
Vamin (p-u) -5.730 -18.300 -1.00
K, (p.u) 1.000 1.000 0.0393
T, (s) 0.004 0.942 0.440
Ky (p-u) 0.0529 0.030 0.070
Ty 1.000 1.000 1.000
E; 4.2975 3.765 3.375
SE(E,) 0.000 0.8147 0.0644
E; 5.730 5.020 4.5
SE(E;) 0.000 2.6756 0.2363
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3.4 Research Proposed Approach and Design

The performance of small signal stability of both the modified IEEE 9-bus and modified
IEEE 39-bus system are investigated. Various research and design methods are used in
this investigation. The following four cases are implemented to test the performance of
the power systems in order to investigate the small signal stability performance of these

two power systems.

Case 1: Load flow analysis on base model power system

Case 2: Increments of AC solar PV penetration in the power system

Case 3: Overall load variation at 5%, 10% and 15% at various AC solar PV penetration
levels in the power system

Case 4: Overall reactive load variation at 5%, 10% and 15% at various AC solar PV

penetration levels in the power system

In Case 1, the power systems would initially undergo a load flow analysis. Load flow
analysis is done to determine if the steady-state voltage variation of the system is within
the specified limits under normal operating conditions. The load flow calculations are used
to analyze the power systems under steady-state conditions without any faults (short-
circuit-free) conditions. All parameters and variables are assumed to be constant during
the period of load flow calculation. The method used in this load flow analysis is the
Newton Raphson method.

In Case 2, Figure 3.3 shows a solar PV plant that generates 50 MW would be installed at
a selected bus in the power system. For this case study, unity power factor would be used.
The solar PV plant will displace the active power of the synchronous generator, in
increments of 50 MW until it is completely displaced. When the synchronous generator is
completely displaced, its reactive component will also be displaced. The power factor and
small signal stability performance of the system is expected to improve. In this case, Bus
40 is selected. Figure 3.4 shows solar PV generation of 100 MW and synchronous
generator of 150 MW followed by Figure 3.5 which is 150 MW on solar PV generation
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and 100 MW synchronous generation. Figure 3.6 shows solar PV generation of 200 MW
and a displaced synchronous generation to 50 MW. Finally, in Figure 3.7, the synchronous
generator will be completely removed and the generation on the respective bus would

solely rely on solar PV generation. Similar simulations would be done on the 9-bus power

system as well.

c 10 PV System
i
200.00 MW 50.00 MW
148.18 Mwvar -0.00 Mvar
_ ) 5.208 kA 1.253 k&
Bus 40. ? .
230KV
1.048 p.u.
- -3.3deg -

Figure 3.3. 50 MW AC Solar PV Penetration with 200 MW Synchronous Generator.

& 10 PV System PV System(1)
] (]
“150.00 MW 50.00 nw 50.00 mMw
148.18 Mvar -0.00 Mwvar -0.00 Mwvar
) ) B.247 kA 1.253 kA 1.253 kA
Bus 40 ? o — *
2308V
1.048 p.u.
- -3.3deg -

Figure 3.4. 100 MW AC Solar PV Penetration with 150 MW Synchronous Generator.
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Figure 3.5. 150 MW AC Solar PV Penetration with 100 MW Synchronous Generator.
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Figure 3.6. 200 M WAC Solar PV Penetration with 50 MW Synchronous Generator.
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221EV
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Figure 3.7. 250 MW AC Solar PV Penetration without Synchronous Generator.
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Case 3 is conducted by increasing the power system’s overall base load by 5%, 10% and
15% [40] simultaneously increasing the AC solar PV generation at unity power factor.
The base load is varied to simulate the load changes in a typical power system due to
weather conditions, demographic and economic factors using the load scaling factor

function in DigSILENT PowerFactory.

Case 4 is conducted by maintaining a fixed AC solar PV penetration (displacing a
synchronous generator) by increasing the base reactive load of the entire system by 5%,
10% and 15%. By increasing the reactive load, it simulates a practical situation as the
amount of reactive power being drawn changes throughout the day. Unity power factor is
also used in the AC solar PV generations. This investigates how an increase in reactive

load affects the system’s small signal stability performance.

Each case is simulated and its small signal stability performance is assessed. The modes
with the lowest and highest damping ratios are taken into consideration. The two extreme
scenarios are taken in order to investigate how the system reacts under different
conditions. The parameters such as eigenvalue, damped frequency, damping ratio and
participation factor of these modes are then analyzed.
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3.5 Summary of Chapter

Figure 3.8 shows the flowchart of the methodology used in this research. A load flow
analysis is done in Case 1. The small signal stability of Case 2, Case 3 and Case 4 would
be evaluated based on the respective eigenvalues, damped frequency, damping ratio and

participation factor. Results and discussions are presented in Chapter 4.

Case 1: Load Flow Analysis on base model power system

DigSILENT PowerFactory utilizes Newton Raphson method to
perform the load flow analysis

~

Case 2: Increments of AC solar PV penetration in power system \/

AC solar PV generation at various levels into the power system
while displacing the power generated by the synchronous
generator

Case 3: Overall load increment at 5%, 10% and 15% at various
AC solar PV penetration levels in the power system

Case 4: Overall reactive load increment at 5%, 10% and 15% at
various AC solar PV penetration levels in the power system

Figure 3.8. Methodology flow chart
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

The results of the study are presented and discussed with reference to the objectives of the
study. The first objective is to investigate the small signal stability impacts on the grid
when AC solar PV penetration is increased. Next, the impact of load variation together
with AC solar PV penetration in the grid would also be discussed. Last of all, the effect

of reactive load variation on the penetration of AC solar PV in the grid will be reviewed.
4.2 Case 1: Base model simulation for 9-bus and 39-bus power system

In this case, a load flow is performed on both the systems and their voltage magnitudes
are evaluated. The voltage magnitudes at each individual bus are analyzed based on the

Malaysian Distribution Code, which states [41]:

“5.4.4.1 Steady-state Voltage Variation under Normal conditions
Under normal conditions, when all circuit elements are in service, the voltage at all points
in the Distributor’s Distribution System including the points before the Users Connection

Point shall be planned to be maintained as follows:

a) Medium voltage of 6.6 kV, 11 kV, 22 kV, and 33 kV within + 5% of nominal voltage”

The load flow analysis for base case model should represent a system condition in which

none of the branch or generator limits is exceeded.
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4.2.1 Load flow simulation for 9-bus power system

A load flow analysis is performed on the 9-bus system and results obtained are as shown
in Figure 4.1 as a bar chart.
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Figure 4.1. Graph of voltage in p.u. for each bus in the 9-bus power system.

Table 4.1. Voltage magnitude validation for 9-bus system. shows the voltage magnitude
validation for the 9-bus system. The data shows that voltage magnitudes from Bus 1 to
Bus 9 have repeatability and consistency when compared to the results from PSSE and
HYPERSIM simulation softwares [42]. Apart from that, it is observed that the voltage
magnitudes are within 0.95 p.u. to 1.05 p.u. limit which corresponds to the 5% limit of the
Malaysia Distribution Code [41]. Bus 10 and Bus 11 are the newly added buses in this
model and hence it is there is no data from PSSE and HYPERSIM models. Nevertheless,
its voltage magnitude is within the respective limits.
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Table 4.1. Voltage magnitude validation for 9-bus system.

BUS Name DIgSILENT PSSE [42] HYPERSIM [42]
Voltage Magnitude (p.u.)  Voltage Magnitude (p.u.)  Voltage Magnitude (p.u.)

Bus 1 1.04 1.04 1.04
Bus 2 1.03 1.03 1.03
Bus 3 1.03 1.03 1.03
Bus 4 1.03 1.03 1.03
Bus 5 1.00 1.00 1.00
Bus 6 1.01 1.01 1.01
Bus 7 1.03 1.03 1.03
Bus 8 1.02 1.02 1.02
Bus 9 1.03 1.03 1.03
Bus 10 1.04 - -

Bus 11 1.03 - -

Table 4.2 shows the load flow results for distribution line 1 to line 6 in comparison to the

PSSE and HYPERSIM simulation softwares. As observed, the results are also repeatable

and consistent when compared to the other simulation softwares. Therefore, with the

results of voltage magnitudes and power flow being validated, these signify that the

system’s data and model are suitable to undergo small signal stability analysis.

Table 4.2. Load flow result comparison for distribution lines in 9-bus the system.

DIgSILENT PSSE[42] HYPERSIM [42]
Line Active Reactive Active Reactive Active Reactive
Number Busbar Number Power Power Power Power Power Power
(p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)
Line 1 Bus 4 - Bus 5 0.41 0.23 0.41 0.23 0.41 0.23
Line 2 Bus5 - Bus 7 0.84 0.11 0.84 0.11 0.84 0.11
Line 3 Bus 7 - Bus 8 0.76 0.01 0.76 0.01 0.76 0.01
Line 4 Bus 8 - Bus 9 0.24 0.24 0.24 0.24 0.24 0.24
Line 5 Bus6-Bus 9 0.59 0.13 0.59 0.13 0.59 0.14
Line 6 Bus 4 - Bus 6 0.31 0.01 0.31 0.01 0.31 0.01
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4.2.2 Load flow simulation for 39-bus power system

Figure 4.2 shows the graph of voltage deviation for each bus in the 39-bus power system.
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Figure 4.2. Graph of voltage deviation for each bus in the 39-bus power system.
Table 4.3 shows the voltage magnitudes and voltage deviations obtained from the load
flow analysis performed on the 39-bus power system. The results show that the voltage

magnitudes are all within the 0.95 p.u. to 1.05 p.u. limit during steady-state.

Table 4.3. VVoltage magnitude and deviation for 39-bus system.

Bus Name Voltage Magnitude (p.u.) Voltage Deviation (%) Comments
Bus 01 1.05 4.55% Within limit
Bus 02 1.04 4.39% Within limit
Bus 03 1.03 2.64% Within limit
Bus 04 1.00 0.16% Within limit
Bus 05 1.00 0.38% Within limit
Bus 06 1.01 0.63% Within limit
Bus 07 1.00 0.43% Within limit
Bus 08 0.99 0.53% Within limit
Bus 09 1.03 2.77% Within limit
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Bus Name Voltage Magnitude (p.u.) Voltage Deviation (%) Comments
Bus 10 1.02 1.58% Within limit
Bus 11 1.01 1.14% Within limit
Bus 12 0.99 1.32% Within limit
Bus 13 1.01 1.28% Within limit
Bus 14 1.01 0.97% Within limit
Bus 15 1.01 1.25% Within limit
Bus 16 1.03 2.86% Within limit
Bus 17 1.03 3.00% Within limit
Bus 18 1.03 2.73% Within limit
Bus 19 1.05 4.87% Within limit
Bus 20 0.99 0.95% Within limit
Bus 21 1.03 2.84% Within limit
Bus 22 1.05 4.63% Within limit
Bus 23 1.04 3.90% Within limit
Bus 24 1.03 3.38% Within limit
Bus 25 1.05 4.92% Within limit
Bus 26 1.05 4.74% Within limit
Bus 27 1.03 3.35% Within limit
Bus 28 1.05 4.77% Within limit
Bus 29 1.05 4.83% Within limit
Bus 30 1.05 4.75% Within limit
Bus 31 0.98 1.80% Within limit
Bus 32 0.98 1.69% Within limit
Bus 33 1.00 0.28% Within limit
Bus 34 1.01 1.23% Within limit
Bus 35 1.05 4.93% Within limit
Bus 36 1.05 5.00% Within limit
Bus 37 1.01 0.80% Within limit
Bus 38 1.03 2.65% Within limit
Bus 39 1.03 3.00% Within limit
Bus 40 1.05 4.75% Within limit
Bus 41 0.98 1.80% Within limit
Bus 42 0.98 1.69% Within limit
Bus 43 1.00 0.28% Within limit
Bus 44 1.01 1.23% Within limit
Bus 45 1.05 4.93% Within limit
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Bus Name Voltage Magnitude (p.u.) Voltage Deviation (%) Comments

Bus 46 1.05 5.00% Within limit
Bus 47 1.01 0.80% Within limit
Bus 48 1.03 2.65% Within limit
Bus 49 1.03 3.00% Within limit

Table 4.4. Load flow result for distribution lines in 39-bus the system.shows the load flow
results for each distribution line in the 39-bus system. This validates the load flow analysis
for the 39-bus power system.

Table 4.4. Load flow result for distribution lines in 39-bus the system.

Line Number Busbar Number Active Power (p.u.) Reactive Power (p.u.)
Line 01 - 02 Bus 01 - Bus 02 1.24 0.21
Line 01 - 39 Bus 01 - Bus 39 1.24 0.21
Line 02 - 03 Bus 02 - Bus 03 3.62 0.84
Line 02 - 25 Bus 02 - Bus 25 2.36 1.24
Line 03 - 04 Bus 03 - Bus 04 0.92 1.03
Line 03 - 18 Bus 03 - Bus 18 0.54 0.13
Line 04 - 05 Bus 04 - Bus 05 1.37 0.14
Line 04 - 14 Bus 04 - Bus 14 2.71 0.48
Line 05 - 06 Bus 05 - Bus 06 4.55 0.61
Line 05 - 08 Bus 05 - Bus 08 3.17 0.57
Line 06 - 07 Bus 06 - Bus 07 4.21 0.91
Line 06 - 11 Bus 06 - Bus 11 3.64 0.32
Line 07 - 08 Bus 07 - Bus 08 1.86 0.02
Line 08 - 09 Bus 08 - Bus 09 0.20 1.08
Line 09 - 39 Bus 09 - Bus 39 0.20 0.72
Line 10 - 11 Bus 10 - Bus 11 3.65 0.71
Line 10 - 13 Bus 10 - Bus 13 2.85 0.44
Line 13 - 14 Bus 13 - Bus 14 2.77 0.01
Line 14 - 15 Bus 14 - Bus 15 0.05 0.32
Line 15- 16 Bus 15 - Bus 16 3.15 1.48
Line 16 - 17 Bus 16 - Bus 17 2.29 0.39
Line 16 - 19 Bus 16 - Bus 19 5.03 0.58
Line 16 - 21 Bus 16 - Bus 21 3.30 0.15
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Line Number Busbar Number Active Power (p.u.) Reactive Power (p.u.)

Line 16 - 24 Bus 16 - Bus 24 0.42 0.91
Line 17 - 18 Bus 17 - Bus 18 2.12 0.11
Line 17 - 27 Bus 17 - Bus 27 0.17 0.39
Line 21 - 22 Bus 21 - Bus 22 6.05 0.87
Line 22 - 23 Bus 22 - Bus 23 0.42 0.67
Line 23 - 24 Bus 23 - Bus 24 3.53 0.06
Line 25 - 26 Bus 25 - Bus 26 0.73 0.29
Line 26 - 27 Bus 26 - Bus 27 2.65 0.65
Line 26 - 28 Bus 26 - Bus 28 1.41 0.26
Line 26 - 29 Bus 26 - Bus 29 1.90 0.30
Line 28 - 29 Bus 28 - Bus 29 3.48 0.23

4.3 Case 2: Increments of AC solar PV penetration in the power system

In this case, small signal stability is analyzed when the penetration of AC solar PV is
increased at the same time the synchronous generation is being decreased simultaneously
to the point where it is completely displaced. The 9-bus and 39-bus power systems are
evaluated here. In this investigation, critical oscillatory modes with the lowest and highest
damping ratios are recorded and analyzed. This is to investigate how the lowest and

highest damping ratios respond towards various small signal stability disturbances.

4.3.1 9-bus power system for incremental penetration of AC solar PV generation

For the 9-bus power system, the results showed that the system still remains in a stable
state even as the solar PV penetration is up to 163 MW. Based on the results in Table 4.5,
it is observed that all eigenvalues have negative real parts. Having a negative real part
indicates that the system oscillation is decaying. The damped frequencies of all the critical
eigenvalues are of local mode as they are ranging between of 0.7 Hz to 3 Hz.
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Table 4.5. Lowest damping ratio mode for AC solar PV penetration of 0 MW to 163

MW.
Sync. Gen. PV Penetration Damped Damping
Eigenvalues (A) ]
Power (MW) (MWwW) Frequency (Hz)  Ratio (%)
163 0 -0.9085 + j7.6855 1.2232 11.74%
113 50 -1.0475 +j7.6561 1.2185 13.56%
63 100 -1.2205 +j7.6468 1.2170 15.76%
0 163 -1.2144 +8.7654 1.3951 13.72%

Furthermore, results show an increase in the damping ratio from 11.74% to 15.76% at
solar PV penetration of 100 MW in Figure 4.3. However, the damping ratio of the system
then reduces back to 13.72% when the entire synchronous generator is displaced. This
shows that there is an optimum solar PV penetration value that would provide the highest

damping ratio, in this case, that would be at the penetration of 100 MW.

Graph of Damping Ratio (%) vs AC Solar PV
Penetration (MW)
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Figure 4.3. Graph of damping ratio against AC solar PV penetration for lowest damping

ratio mode.
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The oscillatory eigenvalues of highest damping ratio are tabulated in Table 4.6.

Table 4.6. Highest damping ratio mode for solar PV penetration of 0 MW to 163 MW.

Sync. Gen. PV Penetration Damped Damping
Eigenvalues (1) )
Power (MW) (MW) Frequency (Hz) Ratio (%)
163 0 -4.9407 £ j0.4202 0.0669 99.64%
113 50 -4.8615 £ j0.4834 0.0769 99.51%
63 100 -4.7246 £ j0.4713 0.0750 99.51%
0 163 -5.0592 +j0.3628 0.0577 99.74%

The graph of damping ratio against AC solar PV penetration for highest damping ratio

mode is shown in Figure 4.4.

Graph of Damping Ratio (%) vs AC Solar PV
Penetration (MW)
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Figure 4.4. Graph of damping ratio against AC solar PV penetration for highest damping

ratio mode.

Based on the results, as AC solar PV penetration increase, there is no significant changes
in terms of damped frequency and damping ratio for these modes. The damping ratio
remains above 99% for all levels of AC solar PV penetration, thus indicating that the
system still remains in a stable state.
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Figure 4.5 shows the eigenvalue plot for AC solar PV penetration of 163MW. As observed
in the eigenvalue plot, all the real parts of the eigenvalue are located on the negative left
side of the plane, thus this implies that the power system is in a stable condition. The

participation factor bar plot for the AC solar PV penetration of 163 MW is also evaluated.
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Figure 4.5. Eigenvalue plot, AC solar PV penetration of 163 MW.

The participation factor bar plot is shown in

Figure 4.6. It is observed that the state variable associated with synchronous generator 3
has the highest participation factor contribution. The participation factor is used to
measure how each dynamic variable affects a given mode or eigenvalue. The state variable
that corresponds the most is the speed of synchronous generator 3. Therefore, the lowest
damping ratio modes in this case is contributed by a single generator of local mode

oscillation. The power generation data can be referred to in Table A.1 in Appendix A.
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Nine_Bus [/ G3; speed: -0.679 / -167.5 deg

Nine_Bus / G3; phi: +1.000 / +0.0 deg

Nine_Bus / G1; speed: -0.361 / -163.5 deg

-1.00 -0.50 0.00 0.50 1.00]
Participation of mode: -1.214 + j8.765 Participation factor

Magnitude: 8.849 1/s, Angle: 97.888 deg

Period: 0.717 s, Frequency: 1.395 Hz

Damping: 1.214 1/s. Ratio of Amplitudes: 2.388

Min. contribution: 0.100

Figure 4.6. Participation factor bar plot with AC solar PV penetration of 163 MW

(Positive imaginary part).

4.3.2 39-bus incremental penetration of AC solar PV generation

AC solar PV penetration increases from 0 MW to 250 MW at an interval of 50 MW. The

data in Table 4.7 shows the lowest damping ratio eigenvalues for AC solar PV penetration.
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Table 4.7. Lowest damping ratio eigenvalues for AC solar PV penetration of 0 MW to

250 MW.
Sync. Gen. PV Penetration Damped Damping
Eigenvalues (1) .
Power (MW) (MW) Frequency (Hz) Ratio (%)
250 0 -0.3607 £j10.0553 1.6003 3.59%
200 50 -0.3744 £ j10.0400 1.5979 3.73%
150 100 -0.3732 £j10.0400 1.5979 3.71%
100 150 -0.3721 £j10.0402 1.5979 3.70%
50 200 -0.3711+ j10.0405 1.5980 3.69%
0 250 -0.3884+ j10.0028 1.5920 3.88%

It is observed that all real parts remain negative. This implies that the system still
remains in a stable state even when AC solar PV generation is at its maximum. The
damped frequency obtained for this scenario is also of local mode similarly to the 9-bus

system. Figure 4.7 shows the graph of damping ratio versus AC solar PV penetration.
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Figure 4.7. Graph of damping ratio against AC solar PV penetration for mode with

lowest damping ratio

The damping ratio is observed to be increasing from 3.59% to 3.88% when the
synchronous generator is completely displaced. This indicates that the system is growing

more stable as there is an increase in the solar PV generation.
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Table 4.8 shows the modes with highest damping ratio, which reflects that there is
negligible difference in the damping ratio as AC solar PV penetration increases. The
majority of damping ratio is at the 99.94% value. Apart from that, the damped frequency

is seen to have an increase from 0.0763 Hz to 0.0837 Hz.

Table 4.8. Highest damping ratio eigenvalues for AC solar PV penetration of 0 MW to

250 MW,
Sync. Gen. PV Penetration Damped Damping
Eigenvalues (1) )
Power (MW) (MW) Frequency (Hz) Ratio (%)
250 0 -13.6186 +j0.4794 0.0763 99.94%
200 50 -13.6159 * j0.4636 0.0738 99.94%
150 100 -13.6167 *j0.4645 0.0739 99.94%
100 150 -13.6185 +j0.4648 0.0740 99.94%
50 200 -13.6212 +j0.4645 0.0739 99.94%
0 250 -13.6801 + j0.5258 0.0837 99.93%

Figure 4.8 shows the trend for modes with the highest damping ratio.
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Figure 4.8. Graph of damping ratio against AC solar PV penetration for mode with

highest damping ratio.
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In Figure 4.9, all the eigenvalues are located on the left portion of the eigenvalue plot.

Thus, indicating the system does not lose its stability when AC solar PV penetration in
increased from 0 MW up to 250 MW.
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Figure 4.9. Eigenvalue plot, AC solar PV penetration of 250 MW

Figure 4.10 shows that the highest participation factor is contributed by synchronous

generator 9. The speed state variable of generator 9 contributes to the lowest critical mode
in this simulation.
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Power Plant 09 / GOV09; x4: -0.109 / +116.3 deg

Power Plant 09 / GOVO09; x3:-0.209 / -132.3 deg

Grid / G09; speed: +1.000 / +0.0 deg

Grid / G09; phi: -0.721 / +169.1 deg

Grid / GO1; speed: +0.265/ -13.6 deg

Grid / GO1; phi: -0.253/ +174.7 deg

-1.00 -0.50 0.00 0.50 1.00
Participation of mode: -0.388 + j10.003 Participation factor
Magnitude: 10.010 1/s, Angle: 92.224 deg
Period: 0.628 s, Frequency: 1.592 Hz
Damping: 0.388 1/s. Ratio of Amplitudes: 1.276
Min. contribution: 0.100

Figure 4.10. Participation factor bar plot with solar PV penetration of 250 MW (Positive

imaginary part).

The power generation data for AC solar PV penetration of 0 MW to 250 MW can be
found in Table B.1 in Appendix B.

4.4 Case 3: Load variation simultaneously with penetration of AC solar PV

generation on power system

The next investigation step is to simulate a base load increment of 5%, 10% and 15%
increment in the overall power system load. The eigenvalues, damped frequency, damping
ratio and participation factor are analyzed. Similar to Case 2, the lowest and highest

damping ratios are taken into consideration.
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4.4.1 9-bus load variation with incremental penetration of AC solar PV

generation

Based on Table 4.9, all eigenvalue real parts are negative, thus indicating that the power
system remains in a stable state throughout the simulation of various load increments from
5% up to 15%. Furthermore, the data shows a similar trend to the simulation Case 2 for
the 9-bus power system, whereby as solar PV penetration increases up to a critical
penetration value of 100 MW, the damping ratio also increases and then when
synchronous generator is taken out of service, the damping ratio drops slightly from
15.71% to 15.59%.

Table 4.9. Lowest damping ratio eigenvalues for various AC solar PV penetration and

overall load variation.

PV Damped
Overall Load Sync. Gen. ] Damping
Variation (%) Power (MW) Penetration Eigenvalues (3) Frequency Ratio (%)
(MW) (H2)

5 163 0 -0.9042 +j7.6970 1.2250 11.67%
5 113 50 -1.0433 £+ j7.6680 1.2204 13.48%
5 63 100 -1.2134 +j7.6594 1.2190 15.65%
5 0 163 -1.2205 +j8.7723 1.3962 13.78%
10 163 0 -0.8979 +j7.7088 1.2269 11.57%
10 113 50 -1.0371 +j7.6803 1.2224 13.38%
10 63 100 -1.2043 +j7.6725 1.2211 15.51%
10 0 163 -1.2239 +j8.7800 1.3974 13.81%
15 163 0 -0.8900 +j7.7201 1.2287 11.45%
15 113 50 -1.0291 +j7.6923 1.2243 13.26%
15 63 100 -1.1934 + j7.6854 1.2232 15.34%
15 0 163 -1.2249 +j8.7877 1.3986 13.81%

It is observed that as the load increases from 5% to 15%, the damping ratio for AC solar
PV penetration of 0 MW, 50 MW and 100 MW decreases. However, at a penetration level
of 163 MW, the trend shows that the damping increases slightly from 13.79% to 13.88%.
This may be due to the AC solar PV completely displacing the synchronous generator.

This is illustrated in Figure 4.11.
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Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Loads (%)
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Figure 4.11. Graph of damping ratio against AC solar PV penetration at various loads

for lowest damping ratio mode.

Based on the results obtained in Table 4.10, it is observed that the change in load does not
affect higher oscillatory modes in the system as their values do not differ significantly

from one another.

Table 4.10. Highest damping ratio eigenvalues for various AC solar PV penetration and

overall load variation

Sync. Gen. PV Damped )
Overall Load . Damping
o Power Penetration Eigenvalues (A)  Frequency )
Variation (%) Ratio (%0)
(MW) (MW) (Hz)

5 163 0 -4.9582 +j0.4243 0.0675 99.64%

5 113 50 -4.8776 +j0.4887 0.0778 99.50%

5 63 100 -4.7398 £ j0.4730 0.0753 99.51%

5 0 163 -5.0674 £ j0.3618 0.0576 99.75%

10 163 0 -4.9759 + j0.4256 0.0677 99.64%
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Sync. Gen. PV Damped

Overall Load . Damping
o Power Penetration Eigenvalues (A)  Frequency .
Variation (%) Ratio (%)
(MW) (MW) (H2)

10 113 50 -4.8940 + j0.4908 0.0781 99.50%
10 63 100 -4.7555 +j0.4713 0.0750 99.51%
10 0 163 -5.0755 +j0.3587 0.0571 99.75%
15 163 0 -4.9934 +j0.4240 0.0675 99.64%
15 113 50 -4.9102 £ j0.4897 0.0779 99.51%
15 63 100 -4.7712 £ j0.4663 0.0742 99.53%
15 0 163 -5.0833 £ j0.3535 0.0563 99.76%

The damping ratios remain above 99% for all levels of AC solar PV penetration as

observed in Figure 4.12.
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Figure 4.12. Graph of damping ratio against AC solar PV penetration at various loads
for highest damping ratio mode.
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Figure 4.13 depicts the eigenvalue plot for AC solar PV penetration. The eigenvalue plot
shows that all eigenvalues are located on the negative side of the plane, which indicates

the system’s stability.
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Figure 4.13. Eigenvalue plot, AC solar PV penetration of 163 MW at 15% loading.
Figure 4.14 shows the participation factor bar plot with PV penetration of 163MW at 15%.

It is observed that generator 3 speed state variable has the highest contribution of
participation factor.
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Nine_Bus / G3; speed: -0.680 / -167.3 deg

Nine_Bus / G3; phi: +1.000/ +0.0 deg

- Nine_Bus / G1; speed: -0.358 / -163.5 deg

-1.00 -0.50 0.00 0.50 1.00
Participation of mode: -1.225 + j8.788 Participation factor
Magnitude: 8.873 1/s, Angle: 97.935 deg
Period: 0.715 s, Frequency: 1.399 Hz
Damping: 1.225 1/s. Ratio of Amplitudes: 2.401
Min. contribution: 0.100

Figure 4.14. Participation factor bar plot with PV penetration of 163 MW at 15%

loading (Positive imaginary part).

The 9-bus system overall load data can be referred to in Table A.2 in Appendix A. The
power generation data for 5%, 10% and 15% overall load increment can be found in Table
A.3, Table A.4 and Table A.5 respectively.

4.4.2 39-bus load variation with incremental penetration of AC solar PV

generation

The simulation is applied to the 39-bus power system for load variation. Similar loading
percentages are used. The critical lowest damping ratio for critical eigenvalues is shown
in Table 4.11, In all loading percentages, the real part of the eigenvalues still remains
negative, thus indicating that the system has not lost its stability. There is no changes to

the damped frequency in the local mode because it is between 0.7 Hz and 3 Hz.
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Table 4.11. Critical lowest damping ratio for critical eigenvalues for overall load
variation of 5% to 15%.

Overall PV Penetration Damped
Eigenvalues (1) Damping Ratio
Load (%) (MW) Frequency (Hz)
5 0 -0.3680 £ j10.0670 1.6022 3.65%
5 50 -0.3659 £ j10.0655 1.6020 3.63%
5 100 -0.3640 £j10.0642 1.6018 3.61%
5 150 -0.3623 £j10.0633 1.6016 3.60%
5 200 -0.3608 +j10.0631 1.6016 3.58%
5 250 -0.4007 £j10.0131 1.5936 4.00%
10 0 -0.3733 £j10.0792 1.6042 3.70%
10 50 -0.3714 £j10.0776 1.6039 3.68%
10 100 -0.3698 £j10.0762 1.6037 3.67%
10 150 -0.3684 £j10.0753 1.6035 3.65%
10 200 -0.3670 £j10.0751 1.6035 3.64%
10 250 -0.4131 +£j10.0270 1.5958 4.12%
15 0 -0.3710 £j10.0827 1.6047 3.68%
15 50 -0.3694 £j10.0813 1.6045 3.66%
15 100 -0.3681 £j10.0802 1.6043 3.65%
15 150 -0.3668 £ j10.0795 1.6042 3.64%
15 200 -0.3657 £j10.0794 1.6042 3.63%
15 250 -0.4081 +j10.0340 1.5970 4.06%

A down trend of damping ratio is seen at PV penetrations of 0 MW to 200 MW in Figure
4.15. However, upon reaching the 250 MW penetration, the damping ratio shoots up to
4%, 4.12% and 4.06% for 5%, 10% and 15% loading respectively. An observed trend is
that the overall damping ratio is peaked at the 10% loading mark.
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Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Loads (%)
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Figure 4.15. Graph of damping ratio against AC solar PV penetration at various loads

critical mode with lowest damping ratio.

Table 4.12 shows the critical highest damping ratio for critical eigenvalues for overall load
variation of 5% to 15%. Based on the results, all real parts of the eigenvalues are negative,
thus the system’s stability is maintained.
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Table 4.12. Critical highest damping ratio for critical eigenvalues for overall load
variation of 5% to 15%.

Overall Load Solar PV ) Damped Damping
) Eigenvalues (1) )
(%) Penetration (MW) Frequency (Hz) Ratio

5 0 -19.5434 +j1.8285 0.2910 99.57%
5 50 -19.5433 +j1.8286 0.2910 99.57%
5 100 -19.5432 +1.8287 0.2910 99.57%
5 150 -3.1072 +j0.2437 0.0388 99.69%
5 200 -19.5429 + j1.8291 0.2911 99.56%
5 250 -19.5636 * j1.6036 0.2552 99.67%
10 0 -21.5696 * j0.8602 0.1369 99.92%
10 50 -4.0826 * j0.0678 0.0108 99.99%
10 100 -21.5676 +j0.8637 0.1375 99.92%
10 150 -0.8558 +j0.0201 0.0032 99.97%
10 200 -0.8124 +j0.0145 0.0023 99.98%
10 250 -19.5978 +j1.2182 0.1939 99.81%
15 0 -19.6245 +j0.7533 0.1199 99.93%
15 50 -19.6244 +j0.7535 0.1199 99.93%
15 100 -19.6243 +j0.7538 0.1200 99.93%
15 150 -0.3998 +j0.0185 0.0030 99.89%
15 200 -19.6239 +j0.7546 0.1201 99.93%
15 250 -0.3959 +j0.0231 0.0037 99.83%

Graph of damping ratio against AC solar PV penetration at various loads critical mode
with highest damping ratio is shown in Figure 4.16. The data shows that at incremental

10% and 15% loading, the damping ratio is much higher as compared to 5% loading.
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Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Loads (%)
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Figure 4.16. Graph of damping ratio against AC solar PV penetration at various loads

critical mode with highest damping ratio.

Figure 4.17 shows that the eigenvalues plotted on the left side of the complex plane,

therefore indicating that the system is stable.
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Figure 4.17. Eigenvalue plot, AC solar PV penetration of 250 MW at 15% loading.

The bar plot for participation factor in Figure 4.18 shows the lowest critical mode with
lowest damping ratio at a PV penetration of 250 MW and 15% loading. The bar plot shows

that the speed state variable of synchronous generator 9 still contributes to the damping
ratio of this critical mode.
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Power Plant 09 / GOV09; x4: -0.108 / +116.1 deg
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Damping: 0.408 1/s, Ratio of Amplitudes: 1.291
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Figure 4.18. Participation factor bar plot with PV penetration of 250 MW at 15%
loading (Positive imaginary part).

The 39-bus system overall load data can be referred to in Table B.2 in Appendix B. The
power generation data for 5%, 10% and 15% overall load increment can be found in Table
B.3, Table B.4 and Table B.5 respectively.

4.5 Case 4: Incremental penetration of AC solar PV generation with various
reactive load percentages

In this study, the overall reactive load of the power system is varied from 5% up to 15%
increments and the small signal stability performance of the system is studied. This is

similar to Case 3, but instead the overall reactive load of the power system is varied.
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45.1 Reactive load variation for various AC solar PV penetration values for the

9-bus power system

Based on the results obtained in Table 4.13, the power system is in a stable state as the
reactive load is increased from its base load up to 15%. This is because the eigenvalue real
part remains negative in nature. The damped frequency of the critical mode is between 0.7

Hz to 3 Hz, which indicates that it is of local mode.

Table 4.13. Lowest damping ratio eigenvalues for various AC solar PV penetration and

reactive load variation.

Overall Sync. Gen. PV Damped )
) ) Damping
Reactive Load Power Penetration  Eigenvalues ()  Frequency ]
Ratio (%)
Variation (%) (MW) (MWw) (Hz2)
5 163 0 -0.9074 +j7.6811 1.2225 11.73%
5 113 50 -1.0454 + j7.6522 1.2179 13.54%
5 63 100 -1.2154 +j7.6431 1.2164 15.71%
5 0 163 -1.2190 + j8.7588 1.3940 13.79%
10 163 0 -0.9062 + j7.6766 1.2218 11.72%
10 113 50 -1.0432 +j7.6483 1.2173 13.51%
10 63 100 -1.2103 +j7.6393 1.2158 15.65%
10 0 163 -1.2229 +j8.7521 1.3929 13.84%
15 163 0 -0.9050 +j7.6721 1.2211 11.72%
15 113 50 -1.0409 + j7.6444 1.2166 13.49%
15 63 100 -1.2052 + j7.6355 1.2152 15.59%
15 0 163 -1.2260 + j8.7455 1.3919 13.88%

Similar to Cases 2 and 3, as solar PV penetration increases, it is seen in Figure 4.19 that
the damping ratio increases to a critical penetration at 100 MW. As the reactive load
increases, the damping ratio experiences a decrease for solar PV penetrations of 0 MW,
50 MW and 100 MW. However, it is noted that at full displacement of the synchronous
generator, the damping ratio is observed to increase from 13.79% to 13.88% when reactive
load increases. This corresponds similarly to Case 3 for the 9-bus power system.
Nevertheless, the eigenvalues are on the negative portion of the complex plane, thus the

system still remains stable.
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Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Reactive Loads (%)
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Figure 4.19. Graph of damping ratio against AC solar PV penetration at various reactive

loads for lowest damping ratio mode.

The overall damping ratio for highest oscillatory modes does not have any significant
changes as the loading increases. Table 4.14 shows the data obtained and trend of the

damping ratio against load.

Table 4.14. Highest damping ratio eigenvalues for various AC solar PV penetration and

reactive load variation.

Overall Sync. Gen. PV Damped )

) ) Damping
Reactive Load Power Penetration Eigenvalues (A)  Frequency Ratio (%)
Variation (%) (MWwW) (MW) (H2)

5 163 0 -4.9428 +j0.4206 0.0669 99.64%
5 113 50 -4.8629 +j0.4846 0.0771 99.51%
5 63 100 -4.7265 +j0.4726 0.0752 99.50%
5 0 163 -5.0602 +j0.3615 0.0575 99.75%

10 163 0 -4.9449 +j0.4211 0.0670 99.64%

10 113 50 -4.8643 +j0.4857 0.0773 99.51%

10 63 100 -4.7285 +j0.4739 0.0754 99.50%

10 0 163 -5.0612 +j0.3602 0.0573 99.75%
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Overall Sync. Gen. PV Damped

Damping
Reactive Load Power Penetration Eigenvalues (A)  Frequency Ratio (%)
Variation (%) (MW) (MW) (Hz)
15 163 0 -4.9470 £ j0.4215 0.0671 99.64%
15 113 50 -4.8658 + j0.4868 0.0775 99.50%
15 63 100 -4.7305 +j0.4752 0.0756 99.50%
15 0 163 -5.0621 +j0.3590 0.0571 99.75%

Figure 4.20. Graph of damping ratio against AC solar PV penetration at various reactive
loads for highest damping ratio mode.Figure 4.17 show the data obtained and trend of the

damping ratio against load. The damping ratio values remain greater than 99%.

Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Reactive Loads (%)
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Figure 4.20. Graph of damping ratio against AC solar PV penetration at various reactive

loads for highest damping ratio mode.
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Based on Figure 4.21, the data shows that eigenvalues are on the negative side of the plot.
This means that there are no unstable oscillatory modes in this power system.
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Figure 4.21. Eigenvalue plot, AC solar PV penetration of 163 MW at 15% reactive
loading.

Additionally, the bar plot in Figure 4.22 shows that the speed state variable of synchronous

generator 3 still contributes the highest to overall participation factor of the system.
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Figure 4.22. Participation factor bar plot with PV penetration of 163 MW at 15%
reactive loading (Positive imaginary part).

The 9-bus system reactive load data can be referred to in Table A.6 in Appendix A. The
power generation data for 5%, 10% and 15% reactive load increment can be found in
Table A.7, Table A.8 and Table A.9 respectively.

4.5.2 Reactive load variation for various AC solar PV penetration values for the

39-bus power system

The 39-bus power system is then used to be simulated at various reactive loads of 5% up
to 15%. Table 4.15 shows the results obtained from the modal analysis. All real parts are
negative in nature, thus indicating that the power system is in a stable state. Damped

frequency is in the range of local mode because it is between 0.7 Hz to 3 Hz.
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Table 4.15. Lowest damping ratio eigenvalues for various AC solar PV penetration and

reactive load variation.

Overall Sync. Gen. PV Damped  Damping
Reactive Load Power Penetration Eigenvalues (A)  Frequency Ratio
Variation (%) (MW) (MW) (Hz) (%)

5 250 0 -0.3779 £ j10.0360 1.5973 3.76%
5 200 50 -0.3767 £ j10.0359 1.5973 3.75%
5 150 100 -0.3756 *j10.0360 1.5973 3.74%
5 100 150 -0.3745 £ j10.0361 1.5973 3.73%
5 50 200 -0.3734 £ j10.0365 1.5974 3.72%
5 0 250 -0.3909 +j9.9975 1.5911 3.91%
10 250 0 -0.3802 £ j10.0319 1.5966 3.79%
10 200 50 -0.3790 £ j10.0318 1.5966 3.78%
10 150 100 -0.3779 £j10.0319 1.5966 3.76%
10 100 150 -0.3768 +j10.0321 1.5967 3.75%
10 50 200 -0.3757 £j10.0324 1.5967 3.74%
10 0 250 -0.3933 £j9.9921 1.5903 3.93%
15 250 0 -0.3824 +j10.0278 1.5960 3.81%
15 200 50 -0.3812 +j10.0277 1.5960 3.80%
15 150 100 -0.3801 +j10.0278 1.5960 3.79%
15 100 150 -0.3790 *j10.0280 1.5960 3.78%
15 50 200 -0.3780 +j10.0283 1.5961 3.77%
15 0 250 -0.3957 +j9.9867 1.5894 3.96%

Based on the graph in Figure 4.23, the trend of the damping ratio is similar to the results
obtained in Case 3 for the 39-bus system as well. The damping ratio displays an uptrend
whereby it increases to 3.91%, 3.93% and 3.96% at 5%, 10% and 15% reactive loading
respectively. Besides that, the data shows that as the reactive load increases, the damping
ratio also increases. Take for example, at 200 MW solar PV penetration, the damping ratio
changes from 3.72% to 3.77% when reactive load is increased from 5% to 15%. This trend

is detected throughout all the various PV generation values.

64



Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Reactive Loads (%)
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Figure 4.23. Graph of damping ratio against AC solar PV penetration at various reactive

loads for critical mode with lowest damping ratio.

The highest damping ratio eigenvalue trends are displayed in Table 4.16. Based on the
data shown, there is no significant change in the values obtained when the reactive load is
increased from 5% up to 15% loading as the damping ratios are all above 99%.
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Table 4.16. Highest damping ratio eigenvalues for various AC solar PV penetration and

reactive load variation.

Overall Sync. Gen. PV Damped  Damping
Reactive Load Power Penetration  Eigenvalues (A)  Frequency Ratio
Variation (%) (MW) (MW) (Hz2) (%)

5 250 0 -13.6553 +j0.4344 0.0691 99.95%
5 200 50 -13.6549 +j0.4361 0.0694 99.95%
5 150 100 -13.6556 +j0.4370 0.0696 99.95%
5 100 150 -13.6574 +j0.4371 0.0696 99.95%
5 50 200 -0.8165 + j0.0200 0.0032 99.97%
5 0 250 -13.7143 £ j0.5009 0.0797 99.93%
10 250 0 -13.6931 + j0.4015 0.0639 99.96%
10 200 50 -13.6927 £ j0.4033 0.0642 99.96%
10 150 100 -13.6935 +j0.4042 0.0643 99.96%
10 100 150 -13.6952 +j0.4042 0.0643 99.96%
10 50 200 -0.8152 +j0.0174 0.0028 99.98%
10 0 250 -13.7474 £ j0.4723 0.0752 99.94%
15 250 0 -13.7297 £ j0.3622 0.0577 99.97%
15 200 50 -13.7294 £ j0.3642 0.0580 99.96%
15 150 100 -13.7301 £ j0.3651 0.0581 99.96%
15 100 150 -13.7318 £+ j0.3649 0.0581 99.96%
15 50 200 -0.8140 +j0.0143 0.0023 99.98%
15 0 250 -13.7796 £ j0.4395 0.0700 99.95%

Figure 4.24 shows the graph of damping ratio against AC solar PV penetration at various
reactive loads for critical mode with highest damping ratio. It is observed that damping

ratio remains above 99% for all levels of loading and AC solar PV penetration.
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Graph of Damping Ratio (%) vs AC Solar PV Penetration at Various
Reactive Loads (%)
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Figure 4.24. Graph of damping ratio against AC solar PV penetration at various reactive

loads for critical mode with highest damping ratio.

Figure 4.25 shows the eigenvalues are on the left side of the complete plane. All real parts
of the eigenvalue are on the negative left side of the complex plane, thus indicating it is in

a stable state.
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Figure 4.25. Eigenvalue plot, AC solar PV penetration of 250 MW at 15% reactive

loading.
Figure 4.26 shows the participation factor bar plot for penetration of 250 MW at 15%

reactive loading for the critical mode with lowest damping ratio. The bar plot shows that
generator 9 still contributes the most in its speed variable state.
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Figure 4.26. Participation factor bar plot with PV penetration of 250 MW at 15%
reactive loading (Positive imaginary part).

The 39-bus system reactive load data can be referred to in Table B.6 in Appendix B. The
power generation data for 5%, 10% and 15% reactive load increment can be found in
Table B.7, Table B.8 and Table B.9 respectively.
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4.6 Summary of Chapter

The results obtained from the four case studies are summarized in Table 4.17. Results

summary of .

Table 4.17. Results summary of Case 1, Case 2, Case 3 and Case 4

Case No.

IEEE 9-bus Power System

IEEE 39-bus Power System

Case 1

Both power systems were in a stable condition

Both power systems were in a stable condition

Case 2

It is observed that there is an optimum solar
PV penetration of 100 MW that provides the
highest damping ratio of 15.78%. When
generator is taken out of the equation, the
damping ratio reduces slightly to 13.72%
which is still higher than the base case valued
at 11.74%.

The damping ratio is highest when there is
complete displacement of the synchronous
generator from that particular bus. This trait
is also observed in similar studies.

Case 3

No significant impact is seen as the load
increases.

Nonetheless, the system is still stable. Similar
to Case 2, the optimum solar PV penetration
stands at 100 MW

The damping ratio is observed to be have
peaked at 10% increase in load. This shows
that it there is an optimum loading that
would cause the system to be in a more
stable state

Case 4

Damping ratio decreases slightly as the
reactive load increases. Similar to Case 2 and
Case 3, there is an optimum solar PV
penetration at 100 MW. Overall system is still
in a stable condition.

Damping ratio increases as reactive load
increases. This may be due to the nature of
a larger power system which consists of
more reactive power generations and loads.
Highest damping ratio seen when
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Conclusion

The first objective of this research is to investigate the impact of increased solar PV
penetration on the grid towards small signal stability. The base models of 9-bus and 39-
bus power systems are investigated in terms of load flow analysis to ensure that the system
is in a stable condition and the network models are suitable to be undergo small signal
stability analysis. Voltage at each busbar is inspected to ensure that it is within the
acceptable range. The results show that both 9-bus and 39-bus system voltage magnitude
are within the 5% limit band. Various solar generation levels are induced into the power
system while power generation by synchronous generator is decreased proportionally.
This is to determine the small signal stability performance of the power system. For the
smaller 9-bus power system, it is observed that there is an optimum solar PV penetration
of 100 MW that provides the highest damping ratio of 15.78%. When the synchronous
generator is taken out of the equation, the damping ratio reduces slightly to 13.72% which
is still higher than the base case valued at 11.74%. In the small signal stability simulation
of larger network, 39-bus power system, the data indicates the damping ratio is highest
when there is complete displacement of the synchronous generator from that particular
bus. This indicates that larger power systems tend to be more stable when synchronous
generators are taken out of service and replaced with solar PV generation. This trait is also
observed in the study done by [18][21][34], where the power system becomes more stable
due to the reduction of inertia as the synchronous generator is displaced by solar PV. In
both power systems, the highest damping does not vary significantly as all of them are
above the 99% limit. Thus, the only significance is seen at the lowest damping ratio which

was discussed.
The next objective of the research is to investigate the effect of increasing the base load

by 5%, 10% and 15% at different levels of solar PV penetration in the grid towards small

signal stability. In practical, the load in power systems tends to fluctuate throughout the
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day when there are various power demands. In this simulation, the load is increased from
its base load to 5%, 10% and up to 15%. In the 9-bus power system, the data shows as
load increases, the damping ratio has a downward trend. Nonetheless, the system is still
stable. The damping ratio of 39-bus system, is observed to be peaked at 10% increase in
load. This shows that there is an optimum loading that would cause the system to be in a
more stable state. The 9-bus and 39-bus systems do not have a similar trends observed
when the load was varied, this could be due to the nature of a small power system versus
a large power system. A larger power system has more inertia contributing by the all the
synchronous generators as compared to the smaller scaled power system. Nevertheless,
the power system is still able to maintain its state of stability throughout the variation of

load.

Lastly, the final objective is to study the effect of increasing the reactive base load by 5%,
10% and 15% at different levels of solar PV penetration in the grid towards small signal
stability. Similarly to Case 3, reactive power percentages of 5%, 10% and 15% are used
in this simulation. Based on the results obtained for 9-bus system, it is seen that damping
ratio decreases as the reactive load increases. When the synchronous generator is totally
displaced, the damping ratio then shows an uptrend. These results are similar to that of
Case 3. For 39-bus system, the damping ratio increases as reactive load increases. The
results are not in line with the results obtained for 9-bus power system. This may be due
to the nature of a larger power system which consists of more reactive power generations
and loads. In addition, both systems are still in their stable states as there is no negative

real components found in the eigenvalues generated from the simulation.
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5.2 Recommendations For Future Work

Voltage stability of grid connected solar PV generations could also be investigated. Given
that the power generated by solar PV is solely based upon the level of solar irradiation,
which is random in nature. It would be beneficial to investigate the ability and reliability
of the power system to maintain its steady voltage on all buses after subjecting to a
disturbance. Furthermore, another aspect that could be further researched is an in-depth
study on the direct relationship of decreasing system inertia and system stability in the
power system caused by the reduction or displacement of synchronous generators.
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APPENDICES

Appendix A: Power generation and load data of 9-bus power system

Table A.1. Power generation data for AC solar PV penetration of 0 MW to 163 MW

Sync. Gen. PV Penetration Active Power Reactive
Power (MW) (MW) Component (MW) Power (Mvar)

163 0 G1 71.64 27.05
163 0 G2 163.00 6.65
163 0 G3 85.00 -10.86
113 50 G1 71.64 27.05
113 50 G2 113.00 6.65
113 50 G3 85.00 -10.86
63 100 G1 71.64 27.05
63 100 G2 63.00 6.65
63 100 G3 85.00 -10.86
0 163 G1 71.74 31.41
0 163 G2 0.00 0.00

0 163 G3 85.00 -5.93

Table A.2. 9-bus system overall load data at 5%, 10% and 15% increments

Overall Load
Component Active Power (MW) Reactive Power (Mvar)

Increment (%)
0 Load A 125.00 50.00
0 Load B 90.00 30.00
0 Load C 100.00 35.00
5 Load A 131.25 52.50
5 Load B 94.50 31.50
5 Load C 105.00 36.75
10 Load A 137.81 55.13
10 Load B 99.23 33.08
10 Load C 110.25 38.59
15 Load A 143.75 57.50
15 Load B 103.50 34.50
15 Load C 115.00 40.25
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Table A.3. 9-bus system generation data for AC solar PV penetration of 0 MW to 163
MW at 5% overall load increment

Sync. Gen. PV Penetration Active Power Reactive Power
Power (MW) (MW) Component (MW) (Mvar)
163 0 Gl 87.39 30.44
163 0 G2 163.00 9.29
163 0 G3 85.00 -8.53
113 50 Gl 87.39 30.44
113 50 G2 113.00 9.29
113 50 G3 85.00 -8.53
63 100 Gl 87.39 30.44
63 100 G2 63.00 9.29
63 100 G3 85.00 -8.53
0 163 Gl 87.52 36.59
0 163 G2 0.00 0.00
0 163 G3 85.00 -1.60

Table A.4. 9-bus system generation data for AC solar PV penetration of 0 MW to 163

MW at 10% overall load increment

Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
163 0 Gl 103.18 34.27
163 0 G2 163.00 12.03
163 0 G3 85.00 -6.10
113 50 Gl 103.18 34.27
113 50 G2 113.00 12.03
113 50 G3 85.00 -6.10

63 100 Gl 103.18 34.27

63 100 G2 63.00 12.03

63 100 G3 85.00 -6.10

0 163 Gl 103.36 42.32

0 163 G2 0.00 0.00

0 163 G3 85.00 2.95
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Table A.5. 9-bus system generation data for AC solar PV penetration of 0 MW to 163
MW at 15% overall load increment

Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
163 0 G1 119.02 38.56
163 0 G2 163.00 14.89
163 0 G3 85.00 -3.56
113 50 G1 119.02 38.56
113 50 G2 113.00 14.89
113 50 G3 85.00 -3.56

63 100 G1 119.02 38.56

63 100 G2 63.00 14.89

63 100 G3 85.00 -3.56

0 163 G1 119.25 48.62

0 163 G2 0.00 0.00

0 163 G3 85.00 7.73

Table A.6. 9-bus system reactive load data at 5%, 10% and 15% increments

Overall Load Active Power Reactive Power

Increment (%) Component (MW) (Mvar)
0 Load A 125.00 50.00
0 Load B 90.00 30.00
0 Load C 100.00 35.00
5 Load A 125.00 52.50
5 Load B 90.00 31.50
5 Load C 100.00 36.75
10 Load A 125.00 55.00
10 Load B 90.00 33.00
10 Load C 100.00 38.50
15 Load A 125.00 57.50
15 Load B 90.00 34.50
15 Load C 100.00 40.25
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Table A.7. 9-bus system generation data for AC solar PV penetration of 0 MW to 163
MW at 5% reactive load increment

Sync. Gen. Power PV Penetration Active Power Reactive
(MW) (MW) Component (MW) Power (Mvar)

163 0 Gl 71.68 29.78
163 0 G2 163.00 8.74
163 0 G3 85.00 -9.11
113 50 Gl 71.68 29.78
113 50 G2 113.00 8.74
113 50 G3 85.00 -9.11
63 100 Gl 71.68 29.78
63 100 G2 63.00 8.74
63 100 G3 85.00 -9.11
0 163 Gl 71.81 35.56
0 163 G2 0.00 0.00

0 163 G3 85.00 -2.59

Table A.8. 9-bus system generation data for AC solar PV penetration of 0 MW to 163

MW at 10% reactive load increment

Sync. Gen. Power PV Penetration Active Power Reactive Power
(MW) (MW) Component (MW) (Mvar)
163 0 G1 7171 32.53
163 0 G2 163.00 10.83
163 0 G3 85.00 -7.34
113 50 Gl 71.71 32.53
113 50 G2 113.00 10.83
113 50 G3 85.00 -7.34
63 100 G1 7171 32.53
63 100 G2 63.00 10.83
63 100 G3 85.00 -7.34
0 163 G1 71.88 39.76
0 163 G2 0.00 0.00
0 163 G3 85.00 0.79
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Table A.9. 9-bus system generation data for AC solar PV penetration of 0 MW to 163
MW at 15% reactive load increment

Sync. Gen. Power PV Penetration Active Power Reactive Power
(MW) (MW) Component (MW) (Mvar)
163 0 G1 71.75 35.30
163 0 G2 163.00 12.94
163 0 G3 85.00 -5.57
113 50 G1 71.75 35.30
113 50 G2 113.00 12.94
113 50 G3 85.00 -5.57
63 100 G1 71.75 35.30
63 100 G2 63.00 12.94
63 100 G3 85.00 -5.57
0 163 G1 71.96 44.00
0 163 G2 0.00 0.00
0 163 G3 85.00 4.21
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Appendix B: Power generation and load data of 39-bus power system

Table B.1. Power generation data for AC solar PV penetration of 0 MW to 250 MW

Sync. Gen. PV Penetration Component Active Power Reactive
Power (MW) (MW) (MW) Power (Mvar)

250 0 G1 1000.00 88.28
250 0 G2 520.81 198.25
250 0 G3 650.00 205.14
250 0 G4 632.00 109.91
250 0 G5 508.00 165.76
250 0 G6 650.00 212.41
250 0 G7 560.00 101.18
250 0 G8 540.00 0.44

250 0 G9 830.00 22.84
250 0 G10 250.00 146.16
200 50 G1 1000.00 88.28
200 50 G2 520.81 198.25
200 50 G3 650.00 205.14
200 50 G4 632.00 109.91
200 50 G5 508.00 165.76
200 50 G6 650.00 212.41
200 50 G7 560.00 101.18
200 50 G8 540.00 0.44

200 50 G9 830.00 22.84
200 50 G10 200.00 146.16
150 100 G1 1000.00 88.28
150 100 G2 520.81 198.25
150 100 G3 650.00 205.14
150 100 G4 632.00 109.91
150 100 G5 508.00 165.76
150 100 G6 650.00 212.41
150 100 G7 560.00 101.18
150 100 G8 540.00 0.44

150 100 G9 830.00 22.84
150 100 G10 150.00 146.16
100 150 G1 1000.00 88.28
100 150 G2 520.81 198.25
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Sync. Gen. PV Penetration Component Active Power Reactive

Power (MW) (MW) (MWwW) Power (Mvar)
100 150 G3 650.00 205.14
100 150 G4 632.00 109.91
100 150 G5 508.00 165.76
100 150 G6 650.00 212.41
100 150 G7 560.00 101.18
100 150 G8 540.00 0.44
100 150 G9 830.00 22.84
100 150 G10 100.00 146.16

50 200 G1 1000.00 88.28
50 200 G2 520.81 198.25
50 200 G3 650.00 205.14
50 200 G4 632.00 109.91
50 200 G5 508.00 165.76
50 200 G6 650.00 212.41
50 200 G7 560.00 101.18
50 200 G8 540.00 0.44

50 200 G9 830.00 22.84
50 200 G10 50.00 146.16
0 250 G1 1000.00 122.53
0 250 G2 520.72 210.07
0 250 G3 650.00 218.60
0 250 G4 632.00 119.63
0 250 G5 508.00 170.26
0 250 G6 650.00 223.32
0 250 G7 560.00 107.36
0 250 G8 540.00 53.36
0 250 G9 830.00 39.16
0 250 G10 0.00 0.00
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Table B.2. 39-bus system overall load data at 5%, 10% and 15% increments

Overall Load Active Power Reactive Power

Increment (%) Component (MWwW) (Mvar)
0 Load 03 322.00 2.40
0 Load 04 500.00 184.00
0 Load 07 233.80 84.00
0 Load 08 522.00 176.00
0 Load 12 7.50 88.00
0 Load 15 320.00 153.00
0 Load 16 329.00 32.30
0 Load 18 158.00 30.00
0 Load 20 628.00 103.00
0 Load 21 274.00 115.00
0 Load 23 247.50 84.60
0 Load 24 308.60 -92.20
0 Load 25 224.00 47.20
0 Load 26 139.00 17.00
0 Load 27 281.00 75.50
0 Load 28 206.00 27.60
0 Load 29 283.50 26.90
0 Load 31 9.20 4.60
0 Load 39 1104.00 250.00
5 Load 03 338.10 2.52
5 Load 04 525.00 193.20
5 Load 07 245.49 88.20
5 Load 08 548.10 184.80
5 Load 12 7.88 92.40
5 Load 15 336.00 160.65
5 Load 16 345.45 33.92
5 Load 18 165.90 31.50
5 Load 20 659.40 108.15
5 Load 21 287.70 120.75
5 Load 23 259.88 88.83
5 Load 24 324.03 -96.81
5 Load 25 235.20 49.56
5 Load 26 145.95 17.85
5 Load 27 295.05 79.28
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Overall Load Active Power Reactive Power

Increment (%) Component (MWwW) (Mvar)
5 Load 28 216.30 28.98
5 Load 29 297.68 28.25
5 Load 31 9.66 4.83
5 Load 39 1159.20 262.50
10 Load 03 354.20 2.64
10 Load 04 550.00 202.40
10 Load 07 257.18 92.40
10 Load 08 574.20 193.60
10 Load 12 8.25 96.80
10 Load 15 352.00 168.30
10 Load 16 361.90 35.53
10 Load 18 173.80 33.00
10 Load 20 690.80 113.30
10 Load 21 301.40 126.50
10 Load 23 272.25 93.06
10 Load 24 339.46 -101.42
10 Load 25 246.40 51.92
10 Load 26 152.90 18.70
10 Load 27 309.10 83.05
10 Load 28 226.60 30.36
10 Load 29 311.85 29.59
10 Load 31 10.12 5.06
10 Load 39 1214.40 275.00
15 Load 03 370.30 2.76
15 Load 04 575.00 211.60
15 Load 07 268.87 96.60
15 Load 08 600.30 202.40
15 Load 12 8.63 101.20
15 Load 15 368.00 175.95
15 Load 16 378.35 37.15
15 Load 18 181.70 34.50
15 Load 20 722.20 118.45
15 Load 21 315.10 132.25
15 Load 23 284.63 97.29
15 Load 24 354.89 -106.03
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Overall Load Active Power Reactive Power

Increment (%) Component (MWwW) (Mvar)
15 Load 25 257.60 54.28
15 Load 26 159.85 19.55
15 Load 27 323.15 86.83
15 Load 28 236.90 31.74
15 Load 29 326.03 30.94
15 Load 31 10.58 5.29
15 Load 39 1269.60 287.50
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Table B.3. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 5% overall load increment

Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
250 0 Go1l 1000.00 120.56
250 0 G 02 824.99 284.74
250 0 G 03 650.00 232.61
250 0 G04 632.00 118.46
250 0 G 05 508.00 173.02
250 0 G 06 650.00 222.70
250 0 G 07 560.00 107.34
250 0 G 08 540.00 10.69
250 0 G09 830.00 30.27
250 0 G 10 250.00 151.93
200 50 Go1 1000.00 120.56
200 50 G 02 824.99 284.74
200 50 G 03 650.00 232.61
200 50 G04 632.00 118.46
200 50 G 05 508.00 173.02
200 50 G 06 650.00 222.70
200 50 G o7 560.00 107.34
200 50 G 08 540.00 10.69
200 50 G09 830.00 30.27
200 50 G 10 200.00 151.93
150 100 Go1 1000.00 120.56
150 100 G 02 824.99 284.74
150 100 G 03 650.00 232.61
150 100 G04 632.00 118.46
150 100 G 05 508.00 173.02
150 100 G 06 650.00 222.70
150 100 G o7 560.00 107.34
150 100 G 08 540.00 10.69
150 100 G09 830.00 30.27
150 100 G 10 150.00 151.93
100 150 Go1 1000.00 120.56
100 150 G 02 824.99 284.74
100 150 G 03 650.00 232.61
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Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)

100 150 G04 632.00 118.46
100 150 G 05 508.00 173.02
100 150 G 06 650.00 222.70
100 150 G o7 560.00 107.34
100 150 G 08 540.00 10.69
100 150 G09 830.00 30.27
100 150 G 10 100.00 151.93
50 200 Go1 1000.00 120.56
50 200 G 02 824.99 284.74
50 200 G 03 650.00 232.61
50 200 G04 632.00 118.46
50 200 G 05 508.00 173.02
50 200 G 06 650.00 222.70
50 200 G o7 560.00 107.34
50 200 G 08 540.00 10.69
50 200 G 09 830.00 30.27
50 200 G 10 50.00 151.93
0 250 Go1 1000.00 156.24
0 250 G 02 824.95 297.47
0 250 G 03 650.00 246.80
0 250 G 04 632.00 128.61
0 250 G 05 508.00 177.73
0 250 G 06 650.00 234.10
0 250 G o7 560.00 113.80
0 250 G 08 540.00 65.80
0 250 G09 830.00 47.28
0 250 G 10 0.00 0.00
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Table B.4. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 10% overall load increment

Sync. Gen. PV Penetration Active Power Reactive
Power (MW) (MW) Component (MW) Power (Mvar)
250 0 Go1l 1000.00 164.63
250 0 G 02 1131.58 419.82
250 0 GO03 650.00 276.56
250 0 G04 632.00 131.10
250 0 G 05 508.00 182.26
250 0 G 06 650.00 237.42
250 0 G 07 560.00 116.01
250 0 G 08 540.00 24.36
250 0 G 09 830.00 40.14
250 0 G 10 250.00 163.23
200 50 Go1 1000.00 164.63
200 50 G 02 1131.58 419.82
200 50 Go03 650.00 276.56
200 50 G04 632.00 131.10
200 50 G 05 508.00 182.26
200 50 G 06 650.00 237.42
200 50 G 07 560.00 116.01
200 50 Go08 540.00 24.36
200 50 G 09 830.00 40.14
200 50 G 10 200.00 163.23
150 100 G0l 1000.00 164.63
150 100 G02 1131.58 419.82
150 100 Go03 650.00 276.56
150 100 G04 632.00 131.10
150 100 G 05 508.00 182.26
150 100 G 06 650.00 237.42
150 100 G 07 560.00 116.01
150 100 G 08 540.00 24.36
150 100 G 09 830.00 40.14
150 100 G 10 150.00 163.23
100 150 Go1 1000.00 164.63
100 150 G 02 1131.58 419.82
100 150 Go03 650.00 276.56
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Sync. Gen. PV Penetration Active Power Reactive

Power (MW) (MWwW) Component (MW) Power (Mvar)

100 150 G04 632.00 131.10
100 150 G 05 508.00 182.26
100 150 G 06 650.00 237.42
100 150 G 07 560.00 116.01
100 150 G 08 540.00 24.36
100 150 G 09 830.00 40.14
100 150 G 10 100.00 163.23
50 200 Go1 1000.00 164.63
50 200 G 02 1131.58 419.82
50 200 Go03 650.00 276.56
50 200 G04 632.00 131.10
50 200 G 05 508.00 182.26
50 200 G 06 650.00 237.42
50 200 G 07 560.00 116.01
50 200 G 08 540.00 24.36
50 200 G 09 830.00 40.14
50 200 G 10 50.00 163.23
0 250 Go1 1000.00 203.26
0 250 G 02 1131.68 434.42
0 250 Go03 650.00 292.28
0 250 G04 632.00 142.13
0 250 G 05 508.00 187.37
0 250 G 06 650.00 249.80
0 250 G 07 560.00 123.04
0 250 Go08 540.00 83.77
0 250 G 09 830.00 58.50
0 250 G 10 0.00 0.00
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Table B.5. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 15% overall load increment

Sync. Gen. PV Penetration Active Power Reactive
Power (MW) (MW) Component (MW) Power (Mvar)
250 0 Go1l 1000.00 223.56
250 0 G 02 1441.12 615.56
250 0 G 03 650.00 341.75
250 0 G04 632.00 148.80
250 0 G 05 508.00 193.92
250 0 G 06 650.00 257.64
250 0 G 07 560.00 127.81
250 0 G 08 540.00 4231
250 0 G09 830.00 53.00
250 0 G10 250.00 181.42
200 50 Go1 1000.00 223.56
200 50 G 02 1441.12 615.56
200 50 G 03 650.00 341.75
200 50 G04 632.00 148.80
200 50 G 05 508.00 193.92
200 50 G 06 650.00 257.64
200 50 G o7 560.00 127.81
200 50 G 08 540.00 42.31
200 50 G 09 830.00 53.00
200 50 G 10 200.00 181.42
150 100 Go1 1000.00 223.56
150 100 G 02 1441.12 615.56
150 100 G 03 650.00 341.75
150 100 G04 632.00 148.80
150 100 G 05 508.00 193.92
150 100 G 06 650.00 257.64
150 100 G o7 560.00 127.81
150 100 G 08 540.00 42.31
150 100 G09 830.00 53.00
150 100 G 10 150.00 181.42
100 150 Go1 1000.00 223.56
100 150 G 02 1441.12 615.56
100 150 G 03 650.00 341.75
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Sync. Gen. PV Penetration Active Power Reactive

Power (MW) (MWwW) Component (MW) Power (Mvar)

100 150 G 04 632.00 148.80
100 150 G 05 508.00 193.92
100 150 G 06 650.00 257.64
100 150 G o7 560.00 127.81
100 150 G 08 540.00 4231
100 150 G 09 830.00 53.00
100 150 G 10 100.00 181.42
50 200 Go1 1000.00 223.56
50 200 G 02 1441.12 615.56
50 200 G 03 650.00 341.75
50 200 G 04 632.00 148.80
50 200 G 05 508.00 193.92
50 200 G 06 650.00 257.64
50 200 G o7 560.00 127.81
50 200 G 08 540.00 4231
50 200 G 09 830.00 53.00
50 200 G 10 50.00 181.42
0 250 Go1 1000.00 267.14
0 250 G 02 1441.50 633.71
0 250 G 03 650.00 360.21
0 250 G 04 632.00 161.33
0 250 G 05 508.00 199.73
0 250 G 06 650.00 271.71
0 250 G o7 560.00 135.79
0 250 G 08 540.00 108.74
0 250 G09 830.00 73.61
0 250 G 10 0.00 0.00
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Table B.6. 39-bus system reactive load data at 5%, 10% and 15% increments

Overall Load Reactive Power
Component Active Power (MW)

Increment (%) (Mvar)
0 Load 03 322.00 2.40
0 Load 04 500.00 184.00
0 Load 07 233.80 84.00
0 Load 08 522.00 176.00
0 Load 12 7.50 88.00
0 Load 15 320.00 153.00
0 Load 16 329.00 32.30
0 Load 18 158.00 30.00
0 Load 20 628.00 103.00
0 Load 21 274.00 115.00
0 Load 23 247.50 84.60
0 Load 24 308.60 -92.20
0 Load 25 224.00 47.20
0 Load 26 139.00 17.00
0 Load 27 281.00 75.50
0 Load 28 206.00 27.60
0 Load 29 283.50 26.90
0 Load 31 9.20 4.60
0 Load 39 1104.00 250.00
5 Load 03 322.00 2.52
5 Load 04 500.00 193.20
5 Load 07 233.80 88.20
5 Load 08 522.00 184.80
5 Load 12 7.50 92.40
5 Load 15 320.00 160.65
5 Load 16 329.00 33.92
5 Load 18 158.00 31.50
5 Load 20 628.00 108.15
5 Load 21 274.00 120.75
5 Load 23 247.50 88.83
5 Load 24 308.60 -96.81
5 Load 25 224.00 49.56
5 Load 26 139.00 17.85
5 Load 27 281.00 79.28
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Overall Load Reactive Power

Component Active Power (MW)

Increment (%) (Mvar)
5 Load 28 206.00 28.98
5 Load 29 283.50 28.25
5 Load 31 9.20 4.83
5 Load 39 1104.00 262.50
10 Load 03 322.00 2.64
10 Load 04 500.00 202.40
10 Load 07 233.80 92.40
10 Load 08 522.00 193.60
10 Load 12 7.50 96.80
10 Load 15 320.00 168.30
10 Load 16 329.00 35.53
10 Load 18 158.00 33.00
10 Load 20 628.00 113.30
10 Load 21 274.00 126.50
10 Load 23 247.50 93.06
10 Load 24 308.60 -101.42
10 Load 25 224.00 51.92
10 Load 26 139.00 18.70
10 Load 27 281.00 83.05
10 Load 28 206.00 30.36
10 Load 29 283.50 29.59
10 Load 31 9.20 5.06
10 Load 39 1104.00 275.00
15 Load 03 322.00 2.76
15 Load 04 500.00 211.60
15 Load 07 233.80 96.60
15 Load 08 522.00 202.40
15 Load 12 7.50 101.20
15 Load 15 320.00 175.95
15 Load 16 329.00 37.15
15 Load 18 158.00 34.50
15 Load 20 628.00 118.45
15 Load 21 274.00 132.25
15 Load 23 247.50 97.29
15 Load 24 308.60 -106.03
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Overall Load Reactive Power

Component Active Power (MW)

Increment (%) (Mvar)
15 Load 25 224.00 54.28
15 Load 26 139.00 19.55
15 Load 27 281.00 86.83
15 Load 28 206.00 31.74
15 Load 29 283.50 30.94
15 Load 31 9.20 5.29
15 Load 39 1104.00 287.50
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Table B.7. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 5% reactive load increment

Sync. Gen. PV Penetration Active Power  Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
250 0 Go1l 1000.00 107.90
250 0 G 02 521.06 208.46
250 0 G 03 650.00 215.76
250 0 G04 632.00 116.05
250 0 G 05 508.00 170.92
250 0 G 06 650.00 220.36
250 0 G 07 560.00 105.95
250 0 G 08 540.00 4.88
250 0 G09 830.00 28.36
250 0 G 10 250.00 151.91
200 50 Go1 1000.00 107.90
200 50 G 02 521.06 208.46
200 50 G 03 650.00 215.76
200 50 G04 632.00 116.05
200 50 G 05 508.00 170.92
200 50 G 06 650.00 220.36
200 50 G o7 560.00 105.95
200 50 G 08 540.00 4.88
200 50 G09 830.00 28.36
200 50 G 10 200.00 151.91
150 100 Go1 1000.00 107.90
150 100 G 02 521.06 208.46
150 100 G 03 650.00 215.76
150 100 G04 632.00 116.05
150 100 G 05 508.00 170.92
150 100 G 06 650.00 220.36
150 100 G o7 560.00 105.95
150 100 G 08 540.00 4.88
150 100 G09 830.00 28.36
150 100 G 10 150.00 151.91
100 150 Go1 1000.00 107.90
100 150 G 02 521.06 208.46
100 150 G 03 650.00 215.76
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Sync. Gen. PV Penetration Active Power  Reactive Power

Power (MW) (MW) Component (MWwW) (Mvar)

100 150 G 04 632.00 116.05
100 150 G 05 508.00 170.92
100 150 G 06 650.00 220.36
100 150 G o7 560.00 105.95
100 150 G 08 540.00 4.88
100 150 G 09 830.00 28.36
100 150 G 10 100.00 151.91
50 200 Go1 1000.00 107.90
50 200 G 02 521.06 208.46
50 200 G 03 650.00 215.76
50 200 G 04 632.00 116.05
50 200 G 05 508.00 170.92
50 200 G 06 650.00 220.36
50 200 G o7 560.00 105.95
50 200 G 08 540.00 4.88
50 200 G09 830.00 28.36
50 200 G 10 50.00 151.91
0 250 Go1 1000.00 143.55
0 250 G 02 520.99 220.80
0 250 G 03 650.00 229.80
0 250 G 04 632.00 126.18
0 250 G 05 508.00 175.61
0 250 G 06 650.00 231.74
0 250 G o7 560.00 112.40
0 250 G 08 540.00 59.93
0 250 G09 830.00 45.36
0 250 G 10 0.00 0.00
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Table B.8. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 10% reactive load increment

Sync. Gen. PV Penetration Active Power  Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
250 0 Go1l 1000.00 127.57
250 0 G 02 521.33 218.74
250 0 G 03 650.00 226.44
250 0 G04 632.00 122.21
250 0 G 05 508.00 176.09
250 0 G 06 650.00 228.35
250 0 G 07 560.00 110.75
250 0 G 08 540.00 9.34
250 0 G09 830.00 33.91
250 0 G 10 250.00 157.69
200 50 Go1 1000.00 127.57
200 50 G 02 521.33 218.74
200 50 G 03 650.00 226.44
200 50 G04 632.00 122.21
200 50 G 05 508.00 176.09
200 50 G 06 650.00 228.35
200 50 G o7 560.00 110.75
200 50 G 08 540.00 9.34
200 50 G09 830.00 3391
200 50 G 10 200.00 157.69
150 100 Go1 1000.00 127.57
150 100 G 02 521.33 218.74
150 100 G 03 650.00 226.44
150 100 G04 632.00 122.21
150 100 G 05 508.00 176.09
150 100 G 06 650.00 228.35
150 100 G o7 560.00 110.75
150 100 G 08 540.00 9.34
150 100 G09 830.00 33.91
150 100 G 10 150.00 157.69
100 150 Go1 1000.00 127.57
100 150 G 02 521.33 218.74
100 150 G 03 650.00 226.44
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G 07
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G 07
G 08
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Go01
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G 03
G 04
G 05
G 06
G 07
G 08
G 09
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632.00
508.00
650.00
560.00
540.00
830.00
100.00
1000.00
521.33
650.00
632.00
508.00
650.00
560.00
540.00
830.00

50.00
1000.00
521.28
650.00
632.00
508.00
650.00
560.00
540.00
830.00

0.00

122.21
176.09
228.35
110.75
9.34
33.91
157.69
127.57
218.74
226.44
122.21
176.09
228.35
110.75
9.34
33.91
157.69
164.63
231.62
241.09
132.77
180.98
240.21
117.47
66.54
51.59
0.00
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Table B.9. 39-bus system generation data for AC solar PV penetration of 0 MW to 250
MW at 15% reactive load increment

Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)
250 0 Go1l 1000.00 147.29
250 0 G 02 521.61 229.09
250 0 G 03 650.00 237.20
250 0 G04 632.00 128.42
250 0 G 05 508.00 181.27
250 0 G 06 650.00 236.39
250 0 G 07 560.00 115.58
250 0 G 08 540.00 13.82
250 0 G09 830.00 39.47
250 0 G 10 250.00 163.50
200 50 Go1 1000.00 147.29
200 50 G 02 521.61 229.09
200 50 G 03 650.00 237.20
200 50 G04 632.00 128.42
200 50 G 05 508.00 181.27
200 50 G 06 650.00 236.39
200 50 G o7 560.00 115.58
200 50 G 08 540.00 13.82
200 50 G09 830.00 39.47
200 50 G 10 200.00 163.50
150 100 Go1 1000.00 147.29
150 100 G 02 521.61 229.09
150 100 G 03 650.00 237.20
150 100 G04 632.00 128.42
150 100 G 05 508.00 181.27
150 100 G 06 650.00 236.39
150 100 G o7 560.00 115.58
150 100 G 08 540.00 13.82
150 100 G09 830.00 39.47
150 100 G 10 150.00 163.50
100 150 Go1 1000.00 147.29
100 150 G 02 521.61 229.09
100 150 G 03 650.00 237.20
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Sync. Gen. PV Penetration Active Power Reactive Power

Power (MW) (MW) Component (MW) (Mvar)

100 150 G 04 632.00 128.42
100 150 G 05 508.00 181.27
100 150 G 06 650.00 236.39
100 150 G o7 560.00 115.58
100 150 G 08 540.00 13.82
100 150 G 09 830.00 39.47
100 150 G 10 100.00 163.50
50 200 Go1 1000.00 147.29
50 200 G 02 521.61 229.09
50 200 G 03 650.00 237.20
50 200 G 04 632.00 128.42
50 200 G 05 508.00 181.27
50 200 G 06 650.00 236.39
50 200 G o7 560.00 115.58
50 200 G 08 540.00 13.82
50 200 G09 830.00 39.47
50 200 G 10 50.00 163.50
0 250 Go1 1000.00 185.77
0 250 G 02 521.59 242.51
0 250 G 03 650.00 252.46
0 250 G 04 632.00 139.39
0 250 G 05 508.00 186.36
0 250 G 06 650.00 248.72
0 250 G o7 560.00 122.57
0 250 G 08 540.00 73.18
0 250 G09 830.00 57.85
0 250 G 10 0.00 0.00
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